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ABSTRACT: Botulism, which was first reported over a century ago, is caused by botulinum neurotoxins 
produced by Clostridium botulinum in seven immunological serotypes (A through G). The primary structures 
of a number of these BoNTs have been determined and are reviewed here, together with their gene structure and 
synthesis. The biological actions of BoNTs. which result in their ability to block neurotransmitter release have 
been the subject of intensive study, and in this review we discuss the binding of BoNTs to the cell surface as 
well as the mechanism of their intercellular action. The ability of BoNTs to block neurotransmitter release has 
been exploited in therapeutic applications to reduce muscle hyperactivity for the treatment of a variety of 
clinical conditions associated with involuntary muscle spasm and contractions. The advantages, limitations, and 
risks of these applications are discussed- Certain compounds provide some limited protection against BoNT. 
However, more effective protection has been obtained immunologically either by passive immunity (i.e., by 
administration of anti-BoNT Abs) or by immunization with inactivated toxin. More recently, excellent protec- 
tion has been obtained by immunization with the receptor-binding region comprising the C-terminal (residues 
860 to 1 296) fragment (H c ) of the heavy chain of BoNT/A. Here we review the mapping of the epitopes on the 
H c region of BoNT/A that are recognized by anti-BoNT/A Abs raised in horse, human, and mouse. The epitopes 
on the H c that are recognized by anti-H c Abs and by H c -primcd T lymphocytes were mapped in two mouse 
strains [BALB/c (H-2*) and SJL (H-2 V )J. The peptides, which contain Ab or T cell epitopes (or both) on the 
H c . were used as immunogens in BALB/c and SJL mice and we identified those peptides whose Ab and/or T- 
cell responses cross-react with H c . Identification of these peptides is an important first step in the intricate 
requirements for the design of a synthetic vaccine. 
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ABBREVIATIONS 

Ab, antibody; ACh, acetylcholine; BoNT. botulinum neurotoxin; BoNT/A to G, BoNT type A, B, C, D. E, F t or G; BSA, 
bovine serum albumin; HA, hemagglutinin; H c , C-terminal fragment corresponding to residues 855 to 1296 of the heavy chain 
of BoNT/A; LNC, lymph node cells; mAb, monoclonal Ab; MHC, major histocompatibility complex; NTNH, nontoxin. 
nonhemagglutinin components; R1A, radioimmune assay; s.c., subcutaneous; SD t standard deviation; S.I., stimulation index, 
which is mean cpm incorporated in vitro by stimulated T cells/mean cpm incorporated by unstimulated T cells; SNAP, 
synaptosome-associated proteins; t-SNARE, target-SNAP receptors complex; v-SNARE, vesicle membrane receptors com- 
plex; TeNT, tetanus neurotoxin; VAMP, vesicle-associated membrane protein. 
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I. INTRODUCTION 

Botulism due to toxin in food was first re- 
ported in 1897 by Van Ermengem. 1 - 2 Poisoning 
is caused mainly by botulinum neurotoxins 
(BoNTs), 3 a group of protein neurotoxins pro- 
duced by Clostridium botulinum. 4 Seven immu- 
nological BoNT serotypes (A through G) are 
known of which type C has two subtypes (CI 
and C2). Human botulism is most frequently 
caused by types A, B, and E, and rarely by type 
F, while animals are more often infected by types 
C and D. 5 

Five different forms of botulism are known: 5-7 
( 1 ) foodbome botulism, caused by ingestion of C. 
/;M////n//?i-contaminated food; (2) wound botu- 
lism, caused by infection of wounds and has also 
been observed increasingly in drug addicts; (3) 
infant botulism is the most frequent and results 
from ingestion of the C. botulinum organism and 
its colonization of the intestine. 8 It can also occur 
in adults suffering from chronic gastrointestinal 
disease; 7 (4) hidden botulism in adults is similar 
to infant botulism and occurs in cases of abnor- 
mal intestines; (5) inadvertent botulism can result 
after BoNT treatments for movement disorders. 

Botulinum neurotoxins are the most toxic 
substances known. 9 - 10 For example on a molar 
basis, BoNT is 300-fold more lethal than diph- 
theria toxin, 3 x 10 4 more toxic than ricin, 3 x 
10 6 more toxic than cc-bungarotoxin, 1 x 10 9 
more toxic than curare, and 1 x 10 n more toxic 
than NaCN. 10 



II. SYNTHESIS AND STRUCTURE 
OF BoNTS 

Botulinum neurotoxins are synthesized in a 
progenitor toxin as a single polypeptide chain 1112 
that has a molecular weight of about 150 kDa. 
After secretion, it is activated by proteolytic pro- 
cessing that results in scission (nicking) of a single 
peptide bond. In C. botulinum strains producing 
BoNTs A, C, D T and some types of B and F, the 
proteolytic enzyme is endogenous, while other 
strains (type E and some types B and F) rely on an 
exogenous protease (e.g., trypsin) for activa- 
tion. 111314 The active forms of the various types 
of BoNT appear to have a common subunit struc- 



ture. 1 IJ3, 15-21 Typically, the two subunits resulting 
from the nicking of the progenitor toxin have 
molecular weights of about 100 kDa (heavy or H) 
chain and 50 kDa (light or L) chain. Except in 
BoNT/C2, the two subunits are held together by 
a disulfide bond. 13 ' 1617 - 21 Reduction of the 
interchain disulfide bond causes loss of toxicity, 13 
and the two subunits can be reassembled to re- 
form the active toxin. 21 BoNT/C2 also has two 
subunits (100 kDa H-chain and 50 kDa L-chain). 
but they are not covalently linked. 19 The two sub- 
units of BoNT/C2 can be separated and each alone 
has low toxicity but become extremely active 
when combined. 20 - 22 

Three types of progenitor toxins (19S, 16S. 
and 12S) are produced by C. botulinum type A 
strain (A-NIH). 23 - 24 The 19S and 16S toxins con- 
tain nontoxin, nonhemagglutinin (NTNH) com- 
ponents and an adjacent open reading frame be- 
tween the neurotoxin and the hemagglutinin (HA) 
gene. 23 In both the 19S and 16S, the NTNH is a 
single peptide chain of about 120 kDa, 23 but it 
appears in the I9S to be a dimer of the I6S 24 and 
the NTNH of the 12S results from cleavage of 
whole NTNH. 24 

The hemagglutinin components in types B 
and C progenitor toxin exhibit significant ho- 
mology. 25 In C. botulinum type A(B) strain NCTC 
2916, the BoNT/A gene cluster encodes BoNT, 
a NTNH, and a part of P-47. 26 The gene for the 
latter protein is also found in C. botulinum types 
E and F. This strain also has a silent BoNT/B 
gene as well as genes encoding NTNH, a puta- 
tive regulator gene P-21, hemagglutinin proteins 
HA-33, 26 HA70, and HA 17, and a gene that 
produces a protein, OrfX, that shows homology 
to regulatory proteins. 27 Similar sequences were 
found at equivalent positions in the gene com- 
plex of tetanus neurotoxin (TeNT). 27 These pro- 
teins may be involved in coordination of the 
expression of the gene components of the BoNT 
complex and the TeNT genes. 27 The NTNH 
molecules have 471 amino acids and are identi- 
cal in types A and B gene clusters. 26 

C botulinum type D, strain CB-16, produces 
two progenitor toxins of sizes 300 kDa and 500 
kDa. The NTNH of the 300-kDa toxin results 
from cleavage of the NTNH in a larger 500-kDa 
toxin at a unique Thr-Ser peptide bond. 28 The 
gene cluster of type E progenitor toxin is a spe- 
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cific arrangement (class IV) among the BoNT 
complex genes. 29 The gene cluster of the BoNT 
complex in C. botulinum type G reveals, immedi- 
ately upstream of BoNT/G, a gene that encodes a 
protein of 1198 amino acids homologous to the 
NTNH component of the progenitor toxin. 30 Genes 
encoding hemagglutinin proteins (HA- 17, HA- 
70) and a putative regulator gene (P-21) occur 
further upstream. 30 BoNT/G shows the highest 
homology to BoNT/B, 30 and NTNH of type G has 
the highest homology with NTNH of type B. 30 

Some C. botulinum type A strains show no 
BoNT/B activity, but they possess silent type B 
gene sequences that contain a stop signal and 
deletions. 31 In these strains, genes of HA-II and 
HA-33 were found immediately upstream of the 
silent BoNT/B but not the BoNT/A gene. NTNH 
mapped immediately upstream of the BoNT/A 
and the silent BoNT/B genes and was chimeric, 
having a region that is identical to NTNH of type 
A as well as a region that is highly homologous to 
the NTNH of type B. 31 

BoNTs and TeNT both block neurotransmit- 
ter release, and the mechanisms of their poisoning 
are very similar. However, the clinical symptoms 
caused by BoNTs are different from those caused 
by TeNT 32 and BoNT is a food poison, whereas 
TeNT is not. These differences have been attrib- 
uted to the heavy chains of BoNTs and TeNT, 
which apparently use different routes for trans- 
porting the L chain to its site of action, 32 or to the 
production of complexing proteins by C botuli- 
num but not by C. tetaniP 

The complete primary structures of BoNT/ 
A, 3435 B, 3 *- 37 CI, 38 - 39 D, 40 * 41 E, 42 - 43 F, 44 and G 45 - 46 
have been determined (see Figure 1). In addition, 
the disulfide pairing in BoNT/A has been estab- 
lished. 47 BoNT shows extensive homology to 
TeNT. 34 - 40 - 48 ' 49 Four cysteine residues are conserved 
in BoNT/A and TeNT. 

Neurotoxin mutants have been reported in C. 
botulinum type A. 50 Also, some strains of C. botu- 
linum contain genes that encode 'mosaic' neuro- 
toxins. For example, the genes in C. botulinum 
type C strain 68 1 3 encode a BoNT of 1 280 amino 
acids (mol wt. 147,817) in which the first two- 
thirds of its sequence is 95% identical with BoNT/ 
CI, and the last (C-terminal) third has 95% iden- 
tity with the C-terminal third of BoNT/D. 51 The 
gene encoding the BoNT from C. botulinum, type 



D South African (Dsa) strain, has three regions. 
Regions I to 522 and 945 to 1285 are highly ho- 
mologous to the corresponding regions of BoNT/ 
D and BoNT/Cl, respectively. The central region 
(residues 523 to 944) is similar in the three toxins. 52 
BoNT/C2 is produced by C. botulinum types C and 
D. The nucleotide sequence of the L-chain gene of 
C. botulinum type C strain ©-203U28 encodes 43 1 
amino acid residues (49.4 kDa). 53 

Theoretical predictions were made of the chan- 
nel-forming regions of BoNT heavy chain. 54 A 
synthetic peptide (GAVILLEFIPEIAIPVLG- 
TFALV) that mimicked the predicted transmem- 
brane sequence of BoNT/A has been proposed to 
be involved in the ion channel-forming motif. 55 

Crystallization and preliminary X-ray analy- 
sis of BoNT type A have been reported. 56 Pre- 
liminary crystallization of the translocation do- 
main of BoNT/A has been reported recently on 
a recombinant preparation that was obtained by 
expression in E. coli. 51 The 900 kDa BoNT com- 
plex of serotype A has been crystallized by a 
lipid-Iayer two-dimensional crystallization tech- 
nique. 58 The crystals, which diffracted to better 
than 15 A in negative stain, showed a triangular 
core structure that has six lobes and six smaller 
structural protrusions. 58 

III. BIOLOGICAL ACTION OF BoNTS 

A. Binding to the Cell Surface 

It has long been recognized that BoNT acts 
on the nervous system 59 - 60 and causes paralysis 
by blockage of acetylcholine (ACh) release from 
nerve terminals at the neuromuscular junc- 
tion. 3 - 4,14 ' 61 -* 4 In this respect, its action is quite 
similar to that of TeNT, which also blocks ACh 
release from the neuromuscular junction. 65 - 66 
Burgen et al. 61 reported the first evidence that 
the action of BoNT on the neuromuscular junc- 
tion involves binding to a receptor and that the 
binding step is distinct from the onset of toxic- 
ity. BoNT-induced blockade of neuromuscular 
transmission was proposed to involve sequential 
steps 67 in a manner similar to that described for 
diphtheria toxin. 68 " 72 The action of BoNT is ini- 
tiated by the binding of BoNT to an acceptor 
molecule on the cell surface. The toxin-receptor 
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BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 

BoNT/A 
Inft A 
EoNT/D 
BoNT/C 
BcNT/a 
EcNT/G 

TeNT 
BoNT/r 
ClBarF 
BoNT/E 
ClBucE 

3orJT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 

EoWT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 



1 MP f vnkQFNYkDPVNg vDIa YIKi P Nv Gqmqp vKAPKIhNklWVI PBRDTf TNPBEgD 
1 MP f vnkQFNYkDPVNg vDI a YIKi P Na Gq mqpvKAPK I hNklWVI PBRDTf TNPBEgD 
1 Mt wpVkDPNYs DPVNDnDILYLRi PqNk lit t p vKAFml t QNIWVI PERf Ss dTNPs 
1 MP 1 t INNPNYs DPVDNkNILYLdt h iNt 1 anepeKAFRI t GNIWVI PDR fSrnSNPN 
1 MPVt I NNFNYNDPI DNnNI ImmepP f a rG tg r YYKAPKI t DrIWII PERyTf GykPBD 
1 MPVnlkxFNYNDPINNdDIImme P f NdpGpg t YYKAFRI iDrlWIVPBRf TyG f qPDQ 
1 MPI t INNP r Ys DPVNNdTI ImmepPy ckGldi YYKAPKI tDrlWIVPERyef GTkPBD 
1 MPVa I Ns PNYNDPVNDdTILYmqi Py Bek skkYYKAPelmrNVWUPERNTi GTNPsD 
1 MPVn I NNFNYNDPINNt TILYmKmPy yedsnk YYKAFelmDNVWII PBRNi iGkkPsD 
1 MP k INs FNYNDPVNDrTILYIK P gGcqePYKsPnlmkNIWII PERNv i GTt PQD 
1 MP t INs FNYNDPVNNrTILYIK P gGcqePYKsPnlmkNIWII PERNv i GT l PQD 

59 INpPPeakqvpvS YYDs t YLSTDNEKDnYLKgVt KLFeRIyS tdlGr_mLL t s IVr^IPF 
59 INpPPeakqvpvS YYDs t YLSTDNEKDnYLKgVt KLFeRIyS tdlGrmLLt sIVr&IPF 
58 lskPPrptskyqS YYDPsYLSTDBQKDtFLKgIIKLFkRINerdiGkkLINyLVv a sPP 

58 INkPPrvcspksg YYDPNYLSTDsDKDpFLKe IIKLFkRINSre iGeeLIy rLs t d I PF 

59 FNks sgi f nrdvCeYYDPDYLnTNDkKNi FLqTmlKLFNRIkSkp lGekLLEml I n<il P Y 
59 FNastgvf skdvye YYDP t YLkTDaBKDKFLKTmlKLFNRlNSkpsGqr LLDmlVdal PY 
59 FN PPssliegaSeYYDPNYLrTDsDKDRFLqTmVKLFNRIknnvaGeaLLDkllnalPY 
59 FD P Pa s lk ngs Sa YYDPNYLTTDaBKDRYLKTt IKLPkRINSnpaGkvLLQel syak PY 
59 Fy PPisldsgsSaYYDPNYLTTDaBKDRPLKTVIKLFNRINSnpaGqvLLBelkngkPY 

PP t slkngdSs YYDPNYLqSDBBKDRFLKiVt KIFNRINnnl sGg iLLEeLskar.PY 
PP t s lkngdSs YYDPNYLqSDQEKDKFLKi Vt KIFNRINdnl sGjriLLBeLskanPY 



55 Fh 
55 Fl 



118 wGg sT IDtelkvidTnCINV i QPDG Syr SeeL N1VII GPsaDIIQf ECks f gh 

118 wGg sT IDtelkvidTnCINV i QPDG Syr SeeL N1VII GPsaDIIQf BCkefgh 
117 mGDssTPeDtFdf trhTtnlaVekf E NG SwkvTnilt PsVLIf GP1 PNILDy TasltLqg 

117 pGNnnTPINtPdfDvdf nSVDVktrQ GnnwvkTgsInPsVIItGPreNIIDpETSt f kLt 

119 LGDr rvpLEBFntNiaSvTVNkl i sNP GeverkkgifaN Lllf GPgPvLnB NeTidigiq 
119 LGNasTPpDkFaaNvanvSINkkiiQP GaedqikglmtN LIIfGPgPvLsD NfTd3mImn 

118 LGNsySlLDkPdtNsnSvSfNLleqDPsGaTtk SamLtN LIIfGPgPvL NkNevrgiVlr 
118 LGNdhTPIDBFspvtrTtSVNIklst NveS S mLl N LLVlGagPDI f BscCy pV rkl 
118 LGNdhTaVNBFcaNnrStSVEIkes NG Tt dS mLlNlVIL GPgPNILB CStfpV rif 
114 LGNdnTPdNQPhigdaSa VBIkfs NG Sqdi lLpN VIImGaePDLf Bt NSSn i sL r 
114 LGNdnTPdgDPiiNdaSa Vplqfs NG Sq SilLpN VI ImGaePDLf BtNSSni sL r 



171 
171 
177 
177 
179 
179 
178 
174 
174 
169 
169 



Bv lnlTrNGYGSt 
Dv lnlTrNGYGSt 
Qq snPSf BGPGTL 
NntF a aqEGFOa L 
N hP aSrBGPGgl 
ghsPisBGFGar 

vdNknYf PCrDGPGSI 
idpDvvYdPSnyGPGSI 

pnNiaYdPSekGPGSI 
Nn YmPSnhGFGS I 
Nn YmPSnhGPGSI 



qylrPSPDPtPgPBBslBvDtnpllgagkPa 
qylrPSPDFtPgPEBslBvDtnpllgagkPa 
sILkvaPEFl 1 tFsDvTgNQssavlgksiFc 
sIIiiSPrPmltYsNaTNDvgegrf sksePc 
mqmkPCPBYvsvPNNvqBNkgasif nrrgYf 
mmlrFCPsclnvFNNvqBNkdtsif srraYf 
mqmaFCPBYvptFDNviBNi tsl t igkskYf 
nlV^FSPEYeYtFNDiSgghnsstes Pi 
qLmflPScBYeYaPNOnT Dl Pi 
alVLFSPEYsFrFNDnSmNE Pi 
aIV£.FSPEYsFrFkDnSmNS Pi 
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t DPAVTLaHBLI 
t DPAVTLaHBLI 
mDPvIaLMHBLt 
rnDP i L i LMHB L n 
sDPAL i LMHKLI 
aDPALTLMHKLI 
qD PALI LMHB LI 
aDPAI SLaHBLI 
aDPAI SLaHBLI 
qDPALTLMHBLI 
qDPALTLMHBLI 
ZA- 





BoNT/A 227 HagHrLYGIa InpN rVf kvn t Na YYemsg 1 eVs f EBLrTFGGhDakf Id SlQeNBfrl 

Inft A 227 HaeHrLYGIa InpN rVf kvntNa YYemsg 1 eVs f BBLrTFGGhDakf Id SlQeNBfrl 

BoNT/D 233 HsLHqLYGIn IpsDkrlr PqvsBgPPsqdgpnVQf BBLYTPGGlDVBI I pqiBrsQLrB 

BoNT/C 233 HaMHnLYGIa IpnDq t Is s vt sNi FYsqynvkLByaBI YaFGGp t IDLI pksark yPBe 

BoNT/B 234 HvLHGLYGIK Vd DlpIvPneKk PPmqs t dalQaBBLYTPGGqDps IITpS tDks I YD 

BoNT/G 234 HvLHGLYGIK IS NlpItPntKB PPmqhs dpVQaBELYTFGGhDpsVISpS tDm NIYN 

TeNT 237 HvLHGLYGmq VSsheil Ps KQe i Ymqht ypIsaBBLFTFGGqDaNLI S i di kNDLYB 

BoNT/F 231 Ha LHGLYGa RgVTy Be t 1 evKQapLmi aekplr lBBf lTPGGqDLNI IT SamkBklYN 

ClBarF 223 Hv LHGLYGa Kg VTnkkv I evdQgaLmaaekdlk i EEf iTPGGqDLNI ITnS tN QklYv 

BoNT/E 216 HsLHGLYGaKgIT t ky 1 1 TqKQnpLi t nirgtNiBBf lTFGGtDLNIIT SaQsNDI Yt 

ClButE 216 Hs LHGLYGaKgITt ky 1 1 TqKQnpLi t ni rgtNi BBf lTPGGtDLNI IT SaQsNDI Yt 

Z J £• ENZYME SITE 

A or * a catalytic residue Z « zinc binding histidine. 
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BcNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClEarF 
BoNT/E 
ClButE 

BoNT/A 
Inft A 
SoNT/D 
BoNT/C 
BoNT/B 
BcNT/G 

TeNT 
BoNT/F 
ClEarF 
BoNT/E 
ClButE 

BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/3 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 



285 yyyNkPKdIAStLNk akSi vg 1 1 a sLQymKNVFkBKYlLseDTSGkPSVDklKFDkLY 
285 yyyNkFKdVAStLNk akSi ig 1 t asLQymKNVFkBKYlLseDTSGkFSVDkl KPDkLY 
292 kaLghYRdlAkRLNnlnkTipss wi sNIDkYKklFsBKYnf DkDnTGnFvVNiDKFNsLY 
292 kaLDyYRsIAkRLNsI t tanpss f nkylgeYKQk 1 i rKYrfvvBSSGe vTVNrNKFveLY 
291 kvLQNPRglvdRLNkVlvCi sdpnININi YKNkFkDKYkfveDSeGkYSIDvEsFDkLY 
291 ka LQNFqdIAnRLNi V sSa qgsglDIs 1 YKQI YkNKYdf veDpnGkYSVDkDKFDkLY 
k t LNDYKa I AnKLsqVt sCn dpnIDIDs YKQI YqQKYqf DkDSnGqYiVNeDKFQ iLY 

eyDINe YKDyFqwKYgLDkNadGsYTVNeNKPNelY 
aLNt t y YKNf FqwKYgLDqDSnGnYTVNisKFNalY 
1LN pYKDVFeaKYgLDjcDaSGi YSVNiNKPNdlF 
1LN pYKDVFeaKYgLDkpaSGi YSVNiNKFNdlF 



294 

289 nlLaNYeklATRLseVnsapp 
281 ilLsNYtalASRLsqVnrnns 
274 n 1 LaDYKk I ASKLs kVqvSnp 
nl La DYKklASKLs kVqvSnp 
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34 3 KmLteiYTBdNfvkf FkVlnRkTYLnf dkavfKI NIVpkvnYTIyDGFNLr nc NLaaNF 
34 3 KmLtei YTEdNf vnf FkVinRkTYLnf dkavf RI NI VpDBnYTIkDGFNLkgaNLs c NF 
352 sdLCnvmSBvvyssqYNVKnRthYf arhylPV f aNILDDNI YTI rDGFNL :N Kgfr.:en 
352 neLtqiFTBf NyAk i YNVqnRk i YLsnvy t PV t aNILDDNVYdlqNGFNIpksNLnv i F 
3 50 KsLmFgFTBtNIAenYklKTRaSYf sds 1 pPVKIkNLLDNEI YTIeEGFNI sdkD-ekEY 
34 9 KaLmFgFTBt NLAg eYglKTRyS Yf s eylpPIK t e kLLDNt I YTqnEGFNIa skNLK t EF 
3 52 ns ImYgFTBi BLgkkFNIKTRl S Yf smnhdPVKIpNLLDD 1 1 YndTEGFNIe skDLKsEY 
346 KkL YsFTBsDLAnkFkVKCRnTYf iky ef LKVpNLLDDDI YTVSEGFNIg NLavNn 
338 KkL FsPTEcDLAqkFQVKnRsnYLf hf k Pf RLl DLLDDNI YS I SBGFNIgs LRvNn 
329 KkL YsFTE f DLAt kPQVKCRqTYIgqyk y f KLsNLLNDs I Ynl SEGYNIn NLKvNF 
329 KkL YsFTBf DLAt kFQVKCRqTYIgqyk y f KLsNLLNDs I Ynl S EG YN In NLKvNF 

402 nGQN t EINnmnf t kLkNf t GLf eFyKLL CvRgllTsKt ksldkgynk 448 

402 nGQNtEINsrnf t r LkNf t GLf ePyKLL CvRgllpfKt ksldegynk 448 

411 sGQNi BrNpaLqk 1 ssEsv VdlFtKV ClR LT K 442 

411 niGQNlsrNpaLrkvnpBnm LylFtKf ChKal DgRs lynk 449 
410 rGQNkalNkqayeelskeh LavY KI qmC K SvK 44 1 
409 nGQNkaVNkeayeelsleh LViY RI amC KpV myK 442 

412 kGQNmrVNtnaf rnV DgsGLVs KLIglC Kkllpptnir enl.ynrta 457 

436 



ight Chains^ 
Heavy Chains 

u 



402 rGQsikLNpklidsIpDk GLVe 
394 nGQNi NLNsr IvgpIpDn GLVe 
385 rGQNaNLNprlitpItgr GLVk 
385 rGQNaNLNprlitpItgr GLVk 



KlVkfC KsVIprK 

RfVglC KSIVSkK (cleavage position unknown) 

KllrfC KnIVSvKgir 422 

KllrfC KnIVSvKgir 422 



BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 

BcNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 



alndLC IKVNNwDLFPs pSEDr.FTNDLnkgE EI t sDTNIEaaEENi SLD LI;;QYy 
alndLC IKVNNwDLFFspSEDnFTNDLdkvE EI taDTNIBaaEENi SLD LI«?QYy 
nsrddstC IKVkNnrLpYVAdkDSi SQBIf B NKi ItdBTNVQnysDkF SLDBs ILDgQ 
tld CreLlVkNtDLpFIgdisdvktDIf lr KDINeBTBVi yypDNv SVDQVILskN 
ap glC IdVDNeDLFFIAdkNSFSDDLsknER IByNTQsNy iBNDFp INBLILDtD 
IiVNNeDLFFIAnkDSFSkDLakaB t IayNTQnNt i BNNF SIDQLILDnD 
IKIkNeDLt PIAekNSFSBBpf QdB i VsyNTknkplNf NY SLDkl I VDYN 
IRVNNsELFFVASBsS YnENdi Nt pKEID DT tN INNNYrnnLDBVILDYN 
IKVNNrDLFPVASBsSYnBNgiNspKBlD DTtlt NNNYkknLDBVILDYN 
IelNNgBLFFVASBNS YnDDniNtpKEID DT Vts NNNYendLDQVILNFN 
IelNNgBLFFVASBNSYnDDniNtpKEID DT Vts NNNYendLDQVILNFN 



449 
449 
443 
450 
442 

443 ntgks eqC 
456 sltdlggeLC 
437 gtkapprLC 

429 gtk nsLC 
423 ksIC 
423 ksIC 



504 Lt f nf DnepBnlsi 
504 Ltfdf DnepBnlsi 
501 VpinpBIvDplLpn 
506 tsehgQL Dllyps 
497 LiSkiBLpsBntBs 
501 LsSg i DLpNBn t Bp 
518 LqSki tLpNDrttp 
496 sqTipQIsNrtLNt 
486 sdaipNLssrlLNt 
477 seSapgLsDBkLNl 
477 seSapgLsDBkLNl 



enlssdl IgqlelmP NiBrfpNgKkyB LDkyt mFhYLrAQefe 
enlssdl IgqlepmP NiBrfpNgKkyB LDkyt mFhYLrAQefe 
vnmBp LnL PgeBi vf ydDI tky VD ylNsYYYLesQKl s 

idsBsel L PgeN QvfyDnRtqN VD ylNs YYYLe sQKl s 

ltDfN VdV pvYBkQ palKkif tDent IFqYLysQtfP 

ftNfDdldl PvYikQ SaLKkif VDgds LFeYLhAQtfP 

vtkgi pya PeYkSNaaStleihN IDdnt IYqYLyAQKsP 

lvQDN SyV PrYDSNgtSBIeeyDWD £ NVFFYLhAQKvP 

taQND syV PkYDSNg tSBIKeyt VDk INVFFYLyAQKaP 

CiQND ayl PkYDSNgtSDIeqhD VNe INVFFYLdAQKvP 

tiQND ayl PkYDSNgtSDIeqhD VNe INVFFYLdAQKvP 
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BoNT/A 561 hGksr IaLTnSVNBALLNpsRVYTFFSSDYVkKVNKa tBAamFLgWVEQLVyDFTdBt sBvS 

Inft A 561 hGdsrl i LTnSaEBALLkpnvaYTFFSSkYVkKINKaVBAf mFLnWaBELVyDFTdBt nEvT 

BoNT/D 553 NnvBNITLTTSVBEALgy snKI YTFlpS 1 aBKVNKgVQAgLFLnWaNEVVEDFTTNi mkK d 

BoNT/C 557 DnvEDf Tf TrS IEEALdNsaKVYTYFpT 1 aNKVNagVQggLFLmWaNDVVEDFTTNi 1 rK d 

BoNT/B 548 1 dirDI SLTSS f DDALLf snKVYSPPSmDYIkt aNKWBAgLFagWVkQIVNDFvi Ba NKSn 

BoNT/G 553 s ni.ENLqLTnSLNDALrNnnKVYTFFSTNl VBKaNt WGAsLFVnWVkgVIDDFTSEs t QKS 

TeNT 571 t cIQrITmTnSVDDALINstKIYSYFpS vl sKVNqgaQg i LFLqWVrDI IDDFTnBs sQKT 

BoNT/F 549 BGg t NI SLTSS I D t ALLEesKd i FFSSEFIDt INKpVNAaLFIdWIskVI rDFTTEa tQKS 

ClBarF 53 9 EGesa ISLTSSVNt ALLDa sKVYTFFSSDFINtVNKpVQAaLPI sWIQQVINDFTTEa tQKS 

BoNT/E 53 0 EGeNNVnLTSS ID t ALLEqpKI YTFFSSEFINnVNKpVQAaLFVs WIQQVLvDFTTBanQKS 

ClButE 53 0 EGeNNVnLTSS ID t ALLBqpKIYTFFSSEFINnVNKpVQAaLFVgWIQQVLvDPTTEanQKS 

BoNT/A 623 Tt DKI AD ITI I IP YIGPALNI GNml y KdDPvgAL i f sGAvILLEF I P BI a I P VLG C Fa 

Inft A 623 TmDKIADITIIVPYIGPALNIGNml sKGBFvBAI i f tGvvamLEFIPEyaLPVf Gt Fa 

BoNT/D 614 TLDKIsDVSvI I P YIGPALNI GNSalRGNFnQAf ataOvaf LLBgf PBf tIPaLGvFT 

BONT/C 618 TLDKIsDVSallP YIGPALNI sNsvrRGNFtBAf aVtGvtlLLBaf PBf tIPaLGoPv 

BoNT/B 610 TmDKIADISLIVPYIGlALNVGNE t aKGNFeNAf BlaGAsILLEFIPELl I PVVGa F 1 

3oNT/G 615 TIDKVsDVS 1 1 IPYIGPALNVGNEt aKeNPkNAf BIgGAalLmBPI PELiVPIVG f FT 

TeNT 632 TIDKI sDVS t IVP YIGPALNI vkQgyeGNFi gALBt t GvvLLLEYIPBI t LPVIa a 1 S 

BoNT/F 610 TVDKIADISLIVPYVG1ALNI i iEaeKGNPeEAf BLlGvglLLBFVPELC I PVI 1 vFT 

CiSarF 601 TIDKI ADISLIVPYVGlALNIGNEvqKGNFkBAIBLl GAglLLB FVPELl IP t I 1 vFT 

BoNT/E 592 TVDKIADIS IVVP YIGlALNIGNEaqKGNFkDALBLl GAglLLEFe PELl I P t I 1 vFT 

ClButE 592 TVDKIADIS IVVP YIGlALNIGNEaqKGNFkDALBLl GAglLLEFe PELl I P 1 1 1 vFT 



BoNT/A 681 LvSYIa NKvl t VqTIDNALs kRNEKWdEVYk YI VTNWLaKVNTQx Dl IRkkMkEALE 

Inft A 681 IvSYIa NKvl t VqTINNALs kRNEKWdEVYk YtVTNWLaKVNTQi D 1 1 REkMkkALE 

BoNT/D 672 fySsIq ERBKI IKTIENcLeQRvkRWKDs YqWmVSNWLSRI tTQFNhlnyQMYDsLs 

BoNT/C 676 IySkVq BRNel IKTIDNcLeQRi kRWKDs YeWmmg t WLSRI iTQFNnlsyQMYDsLN 

BoNT/B 668 LeSYId NKNKIIKTIDNALtkRNEKWaDmYg 1 IVaQWLS t VNTQFy t IKBgMYkALN 

BoNT/G 673 LeSYVg NKghl ImTIsNALkkRDqKWt DmYg 1 I VSQWLS t VNTQFy t IKErMYNALN 

TeNT 690 Iaess t QKEKI IKTIDNf LekRy EKWi EVYk 1 VkakWLg tVNTQFQkr syQMYr sLE 

BoNT/F 668 IkSYIdsyoNKNKa IKalNNsL i EREaKWKEI YsWI VSNWLTRINTQFNkrKEQMYQALQ 

ClBarF 659 IkSFInsddsKNKI iKa INNALrERB lKWKEVYsWIVSNWLTRINTQFNkrKEQMYQALQ 

BoNT/E 650 IkSFLgs sdNKNKVIKalNNALkBRDEKWKBVYs FI VSNWmTKINTQFNkrKEQMYQALQ 

ClButE 650 I KS FLg S sdNKNKVIKa I NNALkBRDEKWKEVYs FI VSNWmTKINTQFNkrKEQMYQALQ 



BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 

BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
3oNT/F 
ClBarF 
BoNT/E 
ClButE 



738 NQaBAtKal 
738 NQaBAtKal 

729 yQaDAIKak 
733 yQagAIKak 
725 yQaQALeel 

730 NQsQAIekl 
747 yQvDAIKkl 
728 NQvDAIKt a 
719 NQvDglKkl 
710 NQvNAIKt I 
710 NQvNALKal 



NPNIDDLs skLNEsInkAMi NINKFLnQCS VS Y 
NFNIDDLsskLNBsIns AMiNINKFLdQCSVS Y 
sQVENLkNsLDvKI SeAMNNINKFIrECSVTY 
sQVBNLkNsLDvKISeAMNNINKFI rECSVTY 
Ni Df NDIna kLNBglnqAiDNINnFIngCSVS Y 
Ni Df NDIdf kLNQs InlAiNNIDdFInQCS I S Y 
D EINNLkNkLEBKankAMiNINi Pmr ESS r SF 
IBYkYNnYTsDKKNrLesBYNINNIeBeLNkKVSlAMkNIBRFmt BSSIS Y 
IEYkYNnYTlDEKNrLraBYNIy s I kBeLNkKVSlAMQNlDRFL t ESSI S Y 
IBs kYNs YTlEBKNELt nkYDIkQIeNeLNQKVSiAMNNIDRFLtBSSISY 
IBs k YNsYTlEEKNBLtnkYDIEQIeNeLNQKVSiAMNNIDRFLt BSSIS Y 



INYQYNqYTeBEKNNI 
INYQYNqYTeEEKNNI 
IDlEYkkYSgsDKBNIk 
ID1 BYkkYSgsDKENIk 
IkYRYNi YSekBKsNI 
IBdQYNrYSeBDKmNI 
IDYBYki YSgpDKBQ la 



796 LMnsMIPyg VkRLeDFDasLKdaLLkYIyDNrg 
796 LMnsMIPyA VkRLkDFDasVRdvLLkYIyDNrg 

787 Lf KnMLPkv IDeLnkFDl rtKt eLINl Idshni 
791 Lf KnMLPkv IDeLnBFDrntKakLINl Idshni 
783 LMKkMIPlA VBKLlDFDnt LKknLLNYIdBNk 1 

788 LMnrMIPlA VkKLkDFDdnLKrdLLBYIdt Ne 1 
805 LvnqMIneAk kqLlBFDtqsKni LmQYIkaNsk 
788 LMK UneAkVgKLkkYDnhVKsdLLNYIlDhrs 
779 LMK 1 IneAklNKLsB YDkrVnqyLLNYI 1 BNs S 
770 LMK UnovklNKLrBYDenVKtyLLNYIiQhgs 
770 LMK UnovklNKLrBYDenVKtyLLDYIikhgs 



tLIgQv DrLKdKVNNTLs t dIPFQLS 
tLVlQv DrLKdeVNNTLsadlPFQLS 
iLVgBv DrLKaKVNNS f QNTIPFNIf 
iLVgBv DkLKaKVNNSf QNTIPFNIf 
yLIgsa ByeKsKVNkyLkt imPFDLS 
y LLdEv NiLKsKVNrhLkDS I P FDLS 
f IgitelkkLesKINkvf stpIPF 
iLgeQt NeLsdlVt sTLNsSIPFELS 
t Lgt s s vpeLnnl Vs NTLNNS I PFELS 
iLgesq QeLnsmVt DTLNNS I PFkLS 
iLgesq QeLnsmVi DTLNNS I PFkLS 
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BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
3oNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 

Bo NT /A 
■Inft A 
BcNT/D 
3oNT/C 
3oNT/B 
BolJT/G 

TeNT 
BoNT/F 
ClBarF 
EcNT/E 
ClButE 

BoNT/A 
Inft A 
BoNT/D 
BONT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 



S55 kYvDNq rLLs 
855 kYvDNkkLLs 

846 SYTNNsLLkd 
850 SYTNNsLLkd 
842 iYTNDtlLIe 

847 lYTkDtlLIq 
862 SYSkNldcwv 
847 SYTNDklLIi 
839 e YTNDklLIh 
829 SYTDDklLIs 
829 SYTDDklLIs 



t P t BY I KnI iNTS ILNLRYesNhLIDlS rYaSklNIgskVn t Dp iDKNQ 
t FtBYI KnI vNTSILsI vYKkDdLIDlSrYgaklNIgdrV^yDs iDKNQ 
i iNEYPns InDSk ILsLqnKkNaLVDTSGYnaBVrVgdNVqLNt iy tND 
i iNEYFnnlnDSklLsLqnRkNt LVDTS GYnaBVs eBgDVqLNpi f p f D 
mPNkYnsel INni ILNLRYKDNnLIDlSGYgakVBVydgVeLNd KNQ 
vFNNYisnlssnalLsLsYRggrLIDSSGYgatmNVgsDVif NdigngQ 
dneBDidviLkkSTILNLdinNDilsDiSGPnSsVi t ypDaqLvpging 
y PNr 1 YKklkDS S I LDmRYeNNkf I Di SGYgSNl9 INgNV^Iys tNRNQ 
ili rPYKr I iDS S ILNmKYeNNr f IDSSGYgSNIs INgDI^Iy s tNRNQ 
y FNkFFKr Iks S SVLNmRYKNDky VDTSGYdSNININgDVjrkyp t NKNQ 
yPNkPPKrlksS SVLNmRYKNDky VDTSGYdSNININgDV^kyp t NKNQ 



914 iqLfN LEs SklEVi 1 kNa IVYNSmYENPS t S 
914 iKLiN LEs S t I BVi 1 kNa IVYNSmYENPS t S 

905 FKLssSg Dk I iVnlNNNILYsa i YENs SVS 
909 PKLgsSg BdrgkVi VtQNENIVYNSmYEsPS IS 
899 FKLtsS aN SklrVtQNQNI I PNSvP 1 DPSVS 

906 PKLnNS En SNItahQskf VVYDSmFDNFS In 
921 KaihlvnNesSEViVhkamDIeYNdmFNNFTVS 
906 FglyNSrL S EVNIaQNNDII YNSrYQNPS IS 
898 PglysSrL S BVNI tQNNt I I YNS rYQNPSVS 
888 PglyNdkL S BVNIsQNDy II YDnkYkNPSIS 
688 PglyNdkL S BVNIaQNDy I I YDnkYkNPS I S 



PWIRIPK YfNs Is LNNEYTI IN 
PWIKIPK Yfsk I N LNNEYTI IN 
FWIKIsKdltNsh NEYTIIN 
PWIRInK Wvsn L pgYTIID 
PWIRIPK YkNdglqNy IhNEYT I IN 
PWVRtPK YNNndlq tyLQNEYTI Is 
PWLRVPK vsashLeQygtNBYSIIs 
PWVRIPKhYk pir.N hNrEYTI IN 
FWVRIPK YNN LkN LNNEYTI IN 
PWVRIP nYDNk IvN VNNBYTI IN 
FWVRIP nYDNk IvN VNNEYTIIN 



967 CM 
967 Ci 
955 Si 

961 Sv 
955 CM 

962 Ci 
979 SMkkhs 
959 CMgNN 
951 CMrNN 
942 CMrDN 
942 CMrDN 



EN 
EN 
BQ 

kN 
kN 
kN 



NSGWKVSLny 
NSGWKVSLny 
NSGWKLCIrn 
NSGWsIglis 
NSGWKISIrg 
DSGWKVSIkg 
IsigSGWsVSLkg 
NSGWKISLrtvr 
NSGWKI SLny 
NSGWKVSLnh 
NSGWKVSLnh 



gEIIWTLQDt qe i kQrVvPkYsQmiNISDYI NRWIPV 
gEIIWTLQDnKqniQrVvPkYflQmvNISDYI NRWIPV 
gNIeWiLQDvnrkyksLiPDYsEslshtgYT NKWPPV 
Nf LVPTLkqnedseQsInPsYdisNNapgY NKWPPV 
NrllWTLiDinGktksVf PBYnirBDISEYI NRWPPV 
Nr 1 1 WTL iDvnaks ks I f PBYs i kDNI SDYI NKWPsI 
NNLIWTLkDsaGevrqltPr dlpDkf naYLaNKWVPI 
dcEIIWTLQDt sGnkenLiPrYeBlNrlSNYI NKWIPV 
NNI IWTLQDt tGnnQkLvFNYtQmiDISDYI NKWtPV 
NEI IWTLQDnrGi nQkLaPNYgNaNglSDYI NKWIPV 
NEI IWTLQDnsGi nQkLaPNYgNaNglSDYI NKWIFV 



BoNT/A 1018 TITNNRLnNSKI YINGrLIDQKpI sNLGNIH 

Inft A 1018 TITNNRLt kSKI YINGrLIDQKpI sNLGN I H 

BoNT/D 1006 TITNNi mGymKLYINGeLkQsqk I eDLdEVk 

BoNT/C 1011 TVTNNmmGNmKI YINGkLIDt i kVkBLtglnf sk t i 

BoNT/B 1006 TITNN LnNaKI YINGkLe sNt dlkDIrBVi 

BoNT/G 1013 TITNDRLGNanI YINGsLkksekl lNLdrln 

TeNT 1035 TITNDRLs s anLYINGvLmgs a eltgLGalr 

BoNT/F 1014 TITNNRLGNSRI YINGnLI vEKs I sNLGDIH 

ClBarF 1003 TITNNRLGh S KLYINGn L t DQKs 1 1 NLGNIH 
BoNT/E 994 TITNDRLGDS KLYI NGnLIDQKs 1 1 NLGNIH 
ClButE 994 TITNDRLGDS KLYI NGnLIDQKs I 1 NLGNIH 



aSNNIm FKLdgCrDthRYIwI 
aSNklm PKLdgCrDpr RYIml 
ldktIV PgldeniDenqmLwI 
tf eiNklpdtgLItSdsdninmwI 
angEII PKLdgd iDrTqPIwm 
sSNDI dPKLInC t D tTKPVvrl 
edNNIt lKLdrCnNnnqYVsI 
vSDNIL FKI VgCdDeT YVgl 
vdDNIL PKIVgCnD TRYVgl 
vSDNIL PKIVnCsy TRYIgl 
vSDNIL PKIVnCsy TRYIgl 



BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BONT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 



1070 
1070 
1058 
1071 
1057 
1065 
1087 
1065 
1054 
1045 
1045 



KYPNLPDKELNekEI kdLYdnQsNSglLKDPWGDYLq YDKpYYmLNLyd PNkYVD vnN 
KYPNLPDKELNekEI kdLYdsQsNSglLKDPWGNYLq YDKpYYmLNL f d PNkYVD vnN 
RdPNI PsKBLsneDINi VYegQi 1 rNVIKDYWGNpLkPDtBYYI IN DnYIDR 
RdPylPaKBLDgkDINiLFnsl qyTNVVKDYWGNdLr YNKEYYmVN i D YLNR 
KYPs I PNt BLsqSNIEe rYki Qsy S Ey LKDPWGNpLmYNKEYYmf NagnJc NsYI Kl 
KdPNIPgRELNaTEVssLYwi QssTNt LKDFWGNpLrYDtQYYLf Nqgmq NiYI Ky 
dK Pr I PcKaLNpkEIBkLYt s y 1 s i t f LRDFWGNpLr YDt EYYLI PvasssKdvql 
RYFkVFNt ELDkTEI E tLYs nEpDps I LKNYWGNYL 1 YNKkYYL f NL1 r k DkYIt IN 
RYPk I FNmELDkTBIE tLYhs EpDS 1 1 LKDPWGNYL1 YNKkYYLLNLl kPNmsVt kN 
RYPNI PDKBLDeTBI Q t LYs nEpNTNI LKDPWGNYLl YDKEYYLLNVl kPNnFIDRrkD 
RYPNI FDKBLDoTEIQ t LYnnBpNaNI LKDPWGNYL 1 YDKBYYLLNVl kPNnPINRrtD 
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BoNT/A 1128 vgirgymy LkgpRgsVmt tNiYLN ssLYrGt Kf IIKKyasgN 
Inft A 1128 igirgymy LkgpRgsVvt tNiYLN S t LYeG t K f I IKKya sgN 
BoNT/D 1110 yiap Esn vlVl vQ YpDr sKLYt Gnp 1 1 IKs v SDk 

BoNT/C 1123 ymya Ns RqiVf Nt r rNnndf neGy K 1 1 IKRi rg N 

BoNT/B 1113 kk dspvgel ItRskynq nskYINyrdLYi GeKf IIRRksnSQs 
BoNT/G 1121 fs kasmget apRtnfnna aINyqnLYl GLRf I IKKasnSrn 

TeNT 1143 kn i C dymy 1 t Nap sy t ngklN IyyrRLYnGLKf I IKRy t pnN 
BoNT/F 1122 sgiln InqqRg Vtegsv PLNy KLYeGVe VI IRKngp i Di 
ClBarF 1111 sdiln InrqRg IysktNiPsNa RLYtGVeVIIRKvgsTDt 
BoNT/E 1104 s tls INniRst ilL anRLYsGIKVklqRvnnS s 

ClButE 1104 a els INniRst ilL anRLYsGIKVklqRvnnS s 



kDNI VRnNDr VY 
8 DNI VRnND rVY 
Npy s r ILngDn i i 
tN DtrVRggDiLY 
iN DDIVRKeDylY 
iNnDNIVRegDylY 
BiDsfVKsgDf Ik 
sNtDNf VRKNPlaY 
sNtDNf VRKNDtVY 
tN DNLVRKNDqVY 
tN DNLVRKNDaVY 



EoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoN T T/E 
CloBuE 

BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 

BoNT/A 
Inft A 
BoNT/D 
BoNT/C 
BoNT/B 
BoNT/G 

TeNT 
BoNT/F 
ClBarF 
BoNT/E 
ClButE 



1182 
1182 
1157 
1170 
1169 
1176 
1198 
1175 
1165 
1150 
1150 

1234 
1234 
1186 
1224 
1219 
1227 
1248 
1219 
1213 
1196 
1196 

1269 
1269 
1241 
1266 
1265 
1270 
1292 
1250 
1244 
1227 
1226 



INVVvkNkB YrLatNasq 
INVVvkNkE YrLatNasq 
LhmL Ynar 
fDntinNka YnLFmknet 
LDffnlNqB WrVYtykyf 
LNIdniSdBsYrVYvlvns 
LyVsynNnBhi vgYpkdgn 
INVVdrgvB YrLYaD tk 
INVVdgNsB YqLYaDvst 
INFVaskthlFpLYaDtat 
INFVaskthllpLYaDtat 

kCkMNl qdNNGND 
kCkMNl qdNNGND 
ncvyalkl qsNlGNy 



agv BKiL 
agv BKiL 
Ky 

myadNhs t 
kkeeEK L 
kei QtqL 
a f nnldrl 
sek BKil 
sav Bktl 
tnk Bktl 
tnk Bktl 



saLei 
saLei 

ml 
edlya 
f Lap 
f Lap 

Lr 
r t sn 
k Lrr 
k Iss 
k Iss 



pdVgN LsQVVVMkskndQgl-N 
pdVgN LsQVVVMkskddQglrN 
IrD tD tlyat QgG Ecsq 



igLrEqtkDInDril? Qiqprr.r 

isdsDefyNt iQIkey deQpc 

inddpt f yDVlQIkky yEkt t 

vg yNap glplykkM Eav:-:1: 

LnDs LgQIIVM DsIgN 

IsNsnyNsnQmllM DsIcD 

sgN rfN QVVVM NsVgN 

sgN rfN QVVVM NsVcN 



IGf IGPHqfnniak L VASn WYn 

IGf IGPHlydniak L VASn WYr. 

glGIf siknivsknkycsqif ssf rental Lad i ykpwr F 



tyyyaSqi FksNf Ngeni sGIcs ig tyr 
ysCqllFkkDE Bs t de IGLIGiKr £ 
ynCqilcekD t kt f GLf Gigkf v 
lktysvqlkly DDkNas LGLVGt Hngq 
nCt MNFqnNNGsN IGLLGFHsnn 
nC t MNFk t NNGND IGLLGFHlnn 
* nCt MNFknNNGNN IGLLGFkadt 
CtMNFjcnNNGNN IGLLGFkadt 



f r 

yesgivf eeykd 
kdygyv wdty dn 
lgndpnrd 



Lggd WYrhnyl: 
yfciSk WY1 
yfciSq WYl 
iL IASn WYF 
L VASS WYY 
L VASs WYY 

V VASt WYY 

V VASt WYY 



RQ Ier sSrTl 
RQ Vgk aSrTf 
sf KNay tpVavtnyeTkl 
pt VKqgnyaS 1 



KB 

Rr 
Nh 
Nn 

KN 



VKrkpynlkl 
Iseninklrl 
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FIGURE 1. Alignments of the amino acid sequences of clostridial neurotoxins. Regions of homology are indicated 
in boldface type, while the other regions are shown in small grey letters. Residues that are homologous in six or more 
proteins are shown in boldface capital letters. Residues that are homologous in five proteins (or in four proteins 
where, due to the introduction of gaps, the sequences of only four proteins appear in that region) are presented in 
boldface small letters. Inf A, infant BoNT/A, CIBar F, Clostridium barati neurotoxin F; CIBut E. Clostridium butrycium 
neurotoxin E. Residue marked by an asterisk (*) indicate that the residue is absent in another sequence. (For 
references, see the text.) 



complex then undergoes endocytosis and, once In early studies, there was some evidence that 

inside the cell, the internalized toxin blocks neu- gangliosides might be at least part of the receptor 
rotransmitter release. to which BoNT binds. 73 Ganglioside GTlb was 
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found to be effective at inactivating BoNT. 74 
BoNTs A t B, E, and F were markedly inactivated 
by ganglioside GTlb, while BoNTs C and D 
suffered only mild inactivation. 75 In binding stud- 
ies, it was found that different optimal conditions 
control the binding of gangliosides, 76 - 77 cerebro- 
sides, and free fatty acids 77 to different BoNT 
serotypes. These findings were interpreted to mean 
that gangliosides may not be the common recep- 
tor for all types of BoNT, 76 and that each BoNT 
binds to a type-specific site on the neuronal mem- 
brane. 77 Synaptosome-incorporation experiments 
provided additional evidence in support of gan- 
gliosides as being part of the BoNT binding site. 

It has been shown that BoNT binds to the 
synaptosome fraction from rat brain/ 8 "* 1 mouse; 50 
Torpedo electric organ." and rat central nervous 
system/ 4 Using i:5 I-labeIed BoNT, the acceptor 
molecule was localized in murine neuromuscular 
junction at motor nerve terminals/ 5 Electron mi- 
croscope autoradiographic studies showed that 
there are distinct membrane acceptors on motor 
nerves for different types of BoNT, 86 that inter- 
nalization of 12S I-labeled BoNT is acceptor medi- 
ated, and that the binding to cell-surface accep- 
tors involves the H chains. 86 The BoNT uptake 
was energy and temperature dependent and accel- 
erated by nerve stimulation. These studies indi- 
cated that BoNT inhibits release of ACh by inter- 
action with an intracellular target. Neuraminidase 
treatment of rat brain synaptosomes impaired their 
ability to bind BoNT, but the binding capacity 
was restored by incorporation of gangliosides into 
these neuraminidase-treated synaptosomes. 87 A 
BoNT/B receptor protein has been purified 340- 
fold from rat synaptosomes. 81 The affinities of 
,25 I-labeled BoNT/B binding to lipid vesicles con- 
taining the receptor reconstituted with ganglio- 
side GTlb or GDI a were the same as its binding 
to the native receptor on synaptosomes. Cross- 
linking of l25 I-labeled BoNT/B to the reconsti- 
tuted receptor gave, under reducing conditions, a 
1 6 1 -kDa product. The cross-linking was inhibited 
by excess unlabeled BoNT/B. The cross-linked 
product reacted with both a monoclonal Ab (mAb) 
against the purified 58-kDa receptor and a mAb 
against the H-chain of BoNT/B. Determination 
of a partial amino acid sequence of the 58-kDa 
protein showed it to be identical to synaptotagmin 
(a synaptic vesicle membrane protein). The mAb 



against the 58-kDa receptor reacted with recom- 
binant rat synaptotagmin. It was suggested that 
synaptotagmin in association with ganglioside 
GTlb or GDI a may be a natural receptor for 
BoNT/B at the nerve terminals. 81 

BoNTs A, B, or E bind to synapsin I and beta 
adducin (a 116-kDa bovine brain synaptosomal 
protein). This binding takes place through the 
carboxy-terminal region of the latter, and it is 
increased with ganglioside GTlb. S8 BoNT/A binds 
to (and is inactivated by) gangliosides at low, but 
not at high, ionic strength. 89 Using BoNT/A. it 
was proposed that synaptotagmin II is the mol- 
ecule involved in transmitter release at mouse 
motor nerve terminals. 90 The binding of BoNT/B 
to synaptotagmin II is very low and is substan- 
tially enhanced after treatment with gangliosides 
GTlb or GDI a. 91 - 92 The binding site for BoNT/B 
is formed by the association of these specific 
gangliosides with the N-terminal region of 
synaptotagmin II. 91 - 92 These studies show that 
BoNT binds to synaptosomes and undergoes ac- 
ceptor-mediated endocytosis and that different 
types of BoNT bind to different acceptors. 

The binding of BoNTs A and B to synapto- 
somes appears to be a function of the H 
chain. 13 - 81 - 87 - 93 - 94 Mild trypsin action on BoNT 
increased the toxicity of type B 2- to 3-fold 13 and 
of type E 90-fold. 95 In contrast, limited trypsin 
treatment of BoNT/A caused loss of toxicity, 
which was accompanied by loss of binding to rat 
brain synaptosomes. 96 This treatment caused 
cleavage almost, in the middle of the H chain 
giving a 46-kDa C-terminal fragment (H c ) and a 
49-kDa N-terminal fragment that remained at- 
tached to the L chain by the interchain S-S bond 
(i.e., a 101-kDa fragment). The latter did not 
bind to synaptosomes, and it was suggested that 
the toxin-binding site resided in the C-terminal 
half of the H chain. 96 A similar 101-kDa frag- 
ment obtained by action of papain on BoNT/B 
was inactive. 87 Although binding is due to the H 
chain, the L chain is required for intracellular 
activity. It is now well established that the H 
chain binds to the acceptor, thereby allowing the 
L chain, or a combination of H and L chains, to be 
internalized and cause paralysis. 

In summary, the H chain, which has a binding 
domain in the C-terminal half and a translocation 
domain in the N-terminal half, enables BoNT to 
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bind to, and penetrate, the cell surface. This per- 
mits the delivery of the L chain into the cell. The 
L chain is a zinc endopeptidase that has one zinc 
atom per molecule in all the BoNTs, except for 
BoNT/C, which has two zinc atoms per molecule 
of neurotoxin. 97 The Zn :+ atom(s) bound by the L 
chains (are) essential for its activity. 98-102 Removal 
of the zinc (by EDTA) causes tertiary structural 
changes as well as loss of the biological activity 
that are both irreversible. 103 



B. Intracellular Action 

Following their endocytosis, BoNTs block 
neurotransmitter release by the proteolytic action 
of the L chain, which is specific for three key 
synaptosome-associated proteins (SNAP): 
synaptobrevin or VAMP (vesicle associated mem- 
brane protein), SNAP-25, and syntaxin I. These 
three proteins play an essential role in vesicle 
exocytosis from nerve terminals and neuroendo- 
crine cells. 104 " 108 VAMP is an intrinsic protein of 
the synaptic vesicle membrane receptors complex 
(v-SNAREs), while SNAP-25 and syntaxin are 
integral plasma membrane proteins and are pan 
of the group of proteins known as target-SNAP 
receptors complex (t-SNAREs) that participates 
in vesicle exocytosis. 109 VAMP, SNAP-25, and 
syntaxin are evolutionary conserved. The BoNTs 
interact with a region having a nine-residue struc- 
tural motif that is present in the three proteins as 
well as with a cleavage site on each protein. 57 - 98 " 102 
VAMP contains two copies of this motif, 110 - 11 1 V 1 
and V2, and both are involved in the interaction 
with TeNT and with BoNTs B, G, and F, 1M while 
VI is involved in the recognition by BoNTs D 
and F. HI Abs against this motif cross-react with 
the three proteins and inhibit the proteolytic ac- 
tivity of BoNTs B and G. 110 

SNAP-25 is cleaved by BoNTs A and E. 
BoNT/A causes scission of the bond between 
residues 197 and 198, thus removing a nine-resi- 
due segment from the carboxyl terminus of SNAP- 
25. 112113 BoNT/E cleaves SNAP-25 between resi- 
dues 180 and 181. 1,4 BoNT/Cl also cleaves 
SNAP-25 near its C-terminus only in intact cells, 
but has been reported to have no action on soluble 
recombinant SNAP-25. 115 BoNTs B, D, F, and G 
(and also TeNT) effect cleavage of VAMP at a 



single peptide bond that is different for each toxin. 
Residues that are N-terminal to the site of scission 
on VAMP determine the endopeptidase specific- 
ity of BoNT. 116 VAMP is cleaved more effec- 
tively by recombinant light chain of BoNT/B or 
by trypsin-treated, reduced BoNT/B than by na- 
tive BoNT/B. 117 BoNT/C causes a cleavage in 
syntaxin p 7 . 98 ^ 02 - 11 * when inserted into a lipid bi- 
layer. 97 BoNT/C cleaves syntaxin 1A between 
Lys 253 and Ala 254 and Syntaxin IB between 
Lys 252 and Ala 253. 97 Syntaxin cleavage by 
BoNT/C prevents G-protein regulation of calcium 
channels associated with presynaptic neurotrans- 
mitter release sites. 1 19 Calcium influx through these 
ion channels stimulates the release of neurotrans- 
mitter into the synapse. 119 

Docking of synaptic vesicles to the presynap- 
tic plasma membrane, which is necessary for 
neurotransmitter release, is followed by a fusion 
step that is triggered by calcium. 120 BoNTs de- 
crease the Ca 2+ sensitivity of the exocytotic appa- 
ratus. 121 SNAP-25 that has been cleaved by BoNT/ 
A near the C-terminus behaves normally in the 
formation or the disassembly of the synaptosomal 
fusion complex. 1,3<122 Cleavage of Syntaxin by 
BoNT/Cl has no effect on the formation of syn- 
aptic vesicles, their number, or their distribution 
at the presynaptic zone, but it blocks neurotrans- 
mitter release 123 ' 24 because it interferes with the 
fusion of the vesicle. 124 Docking can take place 
when VAMP or syntaxin are cleaved. This has 
been attributed to an alternative interaction of 
VAMP and synaptotagmin with SNAP-25 on the 
plasma membrane and suggested that two species 
of v-SNAREs (VAMP and synaptotagmin) and 
two species of t-SNAREs (SNAP-25 and syntaxin) 
interact in the docking of the synaptic vesicle. 120 
Action of the L chain of BoNT/D on VAMP 
inhibits both Ca 2 *-dependent and Ca 2 *-indepen- 
dent neurotransmitter release. 125 BoNT/A inhibits 
Ca 2+ -activated vesicle exocytosis only slightly, 
whereas BoNT/E causes complete inhibition. 114 
This suggested that the region 181 to 197 of SNAP- 
25 is required for Ca :> -activated membrane fu- 
sion in late postdocking events. 114 Residues 197 
to 205 at the C-terminus of SNAP-25 are required 
for exocytosis from intact cells, whereas the re- 
gion 180 to 196 is implicated in the exocytotic 
response of permeabilized cells and in a late 
MgATP-independent step of exocytosis that is 
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not susceptible to BoNT/A. 126 A 20-residue pep- 
tide that contains the BoNT/A-cIeavage sequence 
and mimics the C-terminus of SNAP-25 has been 
shown to inhibit vesicle docking. 127 Phosphoryla- 
tion of SNAP-25 at Ser-187 may be involved in 
protein kinase C-mediated regulation of neu- 
rotransmitter release. 128 



IV. DRUG THERAPY AGAINST 
TOXIN POISONING 

Certain compounds show a protective activ- 
ity against the paralytic actions of BoNTs. For 
example, drugs that elevate intraterminal free 
calcium or improve calcium influx (e.g., 4- 
aminopyridine. tetratnhyl ammonium, guanidine. 
the calcium ionosphere A-23187, serotonin and 
quahuin) will increase neurotransmitter release 
and act as antagonists of BoNT/A only. 129 " 131 The 
potassium channel inhibitor 3,4-diaminopyridine 
has been reported to act in vitro, on rat diaphragm 
muscle, as an antagonist of BoNT/A- induced pa- 
ralysis. 132 Its inhibitory action on the paralysis of 
the rat extensor digitorum longus muscle by local 
injection of BoNTs A, B. E, or F showed that it is 
beneficial against BoNTs A and E but is margin- 
ally effective against BoNTs B and F. 133 
Lysosomotropic amines (e.g., chloroquine) pro- 
tect against BoNT activity 93 in a similar manner 
to their protection against diphtheria toxin 134135 
and pseudomonas A exotoxin. 136 Aminoquinolines 
act in vitro as pharmacological antagonists by 
prolonging the time to obtain 50% blockage af- 
ter BoNT/A-poisoning of nerve-elicited muscle 
twitches in isolated mouse diaphragms. 137 The 
reported effectiveness of these agents, in de- 
creasing order, is quinacrine > amodiaquine > 
chloroquine > quinine or quinidine. 137 Their abili- 
ties to antagonize the paralytic actions of BoNT 
do not seem to correlate well with their antima- 
larial activity. 138 Lectins from triticum vulgaries 
and Umax flavus, two sialic acid-binding lectins, 
have been reported to be broad antagonists of 
BoNT serotypes as well as TeNT. 139 They were 
not tested in vivo, but in vitro they delayed pa- 
ralysis time only 20 to 50 min. Because sialic 
acid is so ubiquitous in various tissues, it is 
unlikely that these or other sialic acid-binding 
lectins will be useful in vivo against BoNT. The 



zinc-dependent metalloprotease inhibitor, 
phosphoramidon, has been reported to have a sig- 
nificant ability in vitro to delay the onset of muscle 
twitch tension caused by action of BoNTs A or B 
on the mouse phrenic-nerve diaphragm. 140 The 
heavy metal chelator W,/VJV',Af'-tetrakis (2- 
pyridylmethyO-ethylenediamine (TPEN) has been 
reported recently to protect mice in vivo by delay- 
ing BoNT/A or B lethal action, but its acute tox- 
icity limits its usefulness in vhr;. 141 It was sug- 
gested that TPEN, if employed in low doses, might 
be potentially useful in a combination therapy. 141 
Drug antagonists have a limited advantage in 
vivo, usually delaying the onset of paralysis by 1 
to 2 h. 129 " 130 The aforementioned studies serve to 
indicate that no drug is presently available that 
could in fact counter the lethal effect of BoNT 
poisoning. This would emphasize the need to 
develop a protection strategy that is based on a 
detailed knowledge of the molecular and cellular 
immune recognition of the BoNT molecule. 



V. THERAPEUTIC APPLICATIONS 

The ability of BoNTs to block neurotrans- 
mitter release has been employed in minute doses 
(less than 1 ng), in symptoms where it is desir- 
able to obtain a reduction of muscle hyperactiv- 
ity, to produce a reversible partial paralysis at 
the neuromuscular junction. BoNTs have been 
applied, often with good results, in the treatment 
of a variety of clinical conditions associated with 
involuntary muscle spasm and contractions. 142 " 152 
These have included various forms of dysto- 
nia, 153 " 157 disorders of the alimentary tract, 158 " 160 
amyotropic lateral sclerosis, 161 dermatological and 
cosmetic uses, 162 " 169 various types of tremors and 
neuromyotonia, 170 " 176 spasticity, 147 177 " 179 clinical 
ophthalmology, 180 - 185 cerebral palsy, 145 186 " 188 dis- 
orders of anal sphincter, 189 " 193 urethral dilata- 
tion, 194 otorhinolaryngology, 195196 tardive dys- 
kinesia, 197 stiff-person syndrome, 198 adult 
strabismus, 199 gustatory sweating of the neck 
(Frey's syndrome), 200 " 204 focal hyperhidrosis, 205 
and esophageal motor disorders. 206 

Results obtained with the injection of BoNT 
are not permanent and require periodic injections 
of the neurotoxin. Furthermore, the treatment of- 
ten leads to the appearance of Ab responses against 
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the toxin, which render further treatment less ef- 
fective. 207 This difficulty has been overcome by 
using another BoNT serotype that will not be 
neutralized by the Abs against the first BoNT that 
was employed in the therapy. For example, when 
BoNT/A was used in patients with focal dystonia, 
some patients mounted Ab responses against 
BoNT/A and became unresponsive to further treat- 
ment with BoNT/A but showed improvement that 
was sustained for three additional injections of 
BoNT/F. :o8 Clearly, this strategy would not re- 
solve the problem, and the recipient did in fact 
mount immune responses against the second 
BoNT. Increasing the BoNT dose is risky and 
obviously it will not resolve the problem either, 
because it would simply boost the Ab titer. In 
these treatments. lowering the BoNT dose has 
been recommended. 209 Studies have screened only 
for Ab responses, 207-209 but the results could not 
be explained on the basis of Ab titer only, most 
likely due to the presence of anti-BoNT T cell 
responses, which were not investigated. 

It is evident that a rational application of BoNT 
therapy requires detailed knowledge of the 
submolecular structural features involved in toxin 
function as well as those involved in its molecular 
and cellular immune recognition. 

VI. IMMUNE RECOGNITION OF 
BOTULINUM NEUROTOXINS 

An immunological approach provides a more 
effective means for protection against BoNT. For 
use as an antigen in the preparation of currently- 
used toxoid, BoNT is usually treated for about 7 
days with formaldehyde (which renders it non- 
toxic) and injected in horse. Protection by passive 
immunity requires proper diagnosis and the rapid 
access to an antitoxin. Because the latter is not 
always possible, active immunization will obvi- 
ously offer a permanent and more secure protec- 
tion. Reversion of formaldehyde-treated BoNT to 
toxicity might occur on standing, and this has 
been reported for tetanus and diphtheria tox- 
oids.2io.2i i Although this might be minimized or 
overcome by storing the toxoid in formaldehyde, 
such a prolonged exposure causes drastic chemi- 
cal and immunological changes in proteins. 212 
Antibodies against the H and L chains of BoNTs 



B and E showed neutralizing activity. 87,213 Some 
mAbs against the H chain of BoNT/E possessed 
a neutralizing activity. 87 - 214 215 Experiments in vivo 
and in vitro indicate that Abs can enter cholin- 
ergic nerves and neutralize internalized BoNT. 215 
This is an important finding because it shows that 
some Abs can first act extracellularly by interfer- 
ing with the binding of BoNT to the cell surface, 
while other Abs could act intracellularly by inac- 
tivation of any BoNT that might escape the first 
line of defense. 215 

Analysis of the immune recognition of BoNTs 
has been limited to studies of their subunits or of 
relatively large fragments (50 kDa), 214 216 - 217 pri- 
marily because of the lack of structural informa- 
tion on these toxins. Recently, studies have 
emerged that aimed at narrowing down with syn- 
thetic peptides mAb recognition regions on the L 
chain. 218 In contrast, the immune recognition of 
TeNT has been investigated extensively, 219-223 
mainly because of the earlier determination of its 
primary structure and the availability of human 
lest samples. However, recent elucidation of the 
complete amino acid sequences of BoNTs has 
facilitated the mapping of the T- and B-cell (Ab) 
submolecular recognition of the BoNT molecules. 

It has been shown that Abs against the recep- 
tor-binding regions on other bacterial toxins are 
very effective at neutralization of the correlate 
toxin. For example, the H c -fragment of TeNT was 
shown to be a protective immunogen in mice against 
double the minimal lethal dose of TeNT. 223 " 225 In 
contrast, immunization of mice with a recombi- 
nant H c of BoNT/A afforded protection against a 
high-challenge dose (10 5 LD 50 ) of BoNT/A. 226 " 228 
The recombinant H c fragment has also been mi- 
croencapsulated in biodegradable poly-DL-lactide- 
co-glycoside microspheres, 229 and this antigen, 
when injected in mice, afforded 71% protection 
against aerosol challenge with BoNT/A. 229 Ten 
overlapping proteins were prepared by expres- 
sion in E. coli of overlapping BoNT/A gene 
fragments, and of these only two (H455 to 661 
and HI 150 to 1289) were found to confer pro- 
tection against BoNT/A poisoning. 230 Other stud- 
ies have also suggested that H c may have two 
receptor binding sites that are involved in BoNT 
internalization and toxicity 231 and whose block- 
age by mAbs might provide protection against 
BoNT/A toxicity. 231 Recently, five mAbs against 
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BoNT/E were shown to have BoNT/E-neutraliz- 
ing activity in mice. 232 Three of these mAbs 
recognized regions around residues 663 to 668, 
73 1 to 787, 8 1 1 to 897, respectively. Region 663 
to 668 is close to the ion-channel-forming do- 
main. The fourth mAb, which recognized a re- 
gion close to the C-terminal part of H c , might 
have interfered with BoNT-binding to the recep- 
tor on the target cell, 232 

A recombinant BoNT/C variant in which three 
amino acids were replaced (His229 — > Gly, Glu230 
— > Thr, His233 -> Asn) in the zinc-binding motif 
was found to be nontoxic to mice and did not 
cleave syntaxin in synaptosome preparations. 233 
This recombinant neurotoxin stimulated high Ab 
levels and protective immunity when adminis- 
tered orally or subcutaneously. 232 

VII. MAPPING OF THE MOLECULAR 
AND CELLULAR IMMUNE RECOGNITION 
OF H c 

The finding that immunization with H c of 
type A afforded excellent protection against BoNT/ 
A poisoning 227 - 228 indicated that the immunologi- 
cal mapping of this region of BoNT/A would be 
extremely valuable for the eventual design of a 
synthetic peptide vaccine against BoNT. There- 
fore, we have performed a detailed mapping of 
the continuous regions of molecular and cellular 
immune recognition on the H c region of BoNT/A 
(continuous regions are sites comprising residues 
that are directly linked by peptide bonds; discon- 
tinuous regions are sites comprising residues that 
are distant in sequence but come in close spatial 
proximity through folding of the polypeptide 
chain 234 ). We employed a peptide-based strategy, 
previously developed in this laboratory, 235-238 for 
the localization of Ab and T-cell epitopes recog- 
nized by anti-BoNT/A and anti-H c T and B cell 
responses. We also determined the peptides that, 
when used as immunogens, stimulated Ab and/or 
T-cell responses that cross-reacted with BoNT/A 
and/or with H c , These peptides constitute most 
likely candidates for stimulation of active or pas- 
sive (by Ab transfer) immunity against neuro- 
toxin poisoning. It should be pointed out that, 
after localization of the protective regions on the 
H c of BoNT/A, synthetic peptides can be made 



that correspond, on the other BoNT serotypes 
known to infect humans (most frequently types 
A, B, and E and rarely by type F), to the structural 
counterparts of the protective BoNT/A peptides. 
It has been well established that, on a set of ho- 
mologous proteins, the regions of immune recog- 
nition occur on structurally equivalent loca- 
tions. 239 ' 242 Whereas peptide immunization has 
not generally provided useful protection against 
viral infections, it has proven to be quite effective 
against protein toxins. 243-246 Recent studies in this 
laboratory 246 have shown that immunization of 
mice with appropriate synthetic regions of a- 
bungarotoxin enabled the mice to survive a high 
a-bungarotoxin challenge dose (LD 50 > 58 ug, 
when compared with an LD 50 = 2.6 jig for 
nonimmunized mice), which was in fact higher 
than that obtained by immunization of mice with 
the whole toxin (LD 50 = 9.69 ng). 

For the epitope mapping, we prepared a panel 
of 31 synthetic consecutive overlapping peptides, 
of uniform size and overlaps, which encompassed 
the entire H c polypeptide chain (residues 855 to 
1296). The peptides were 19 residues each (ex- 
cept for peptide 31, which was 22 residues) and 
overlapped by 5 residues. The primary structures 
of the synthetic peptides are shown in Figure 2. It 
should be noted that this strategy is not designed 
to define the boundaries of the sites of immune 
recognition, but rather to obtain the locations 
within which these sites reside. 235-238 



A. H c Regions Recognized by Anti- 
BoNT/A Antibodies from Three Outbred 
Host Species 

The first step in the immunological mapping 
of the highly protective He domain of BoNT/A 
was done with anti-BoNT/A Abs that were pre- 
pared in outbred species. 247 Horse antisera were 
prepared by subcutaneous (s.c.) immunization in 
multiple sites, every 2 weeks for over 1 year, with 
a formaldehyde-inactivated BoNT/A in Ribi ad- 
juvant. The serum tested in the binding studies 
was obtained after four injections. 247 Human an- 
tisera, which were made against the pentavalent 
toxoid (BoNTs A, B, C, D, and E) in human 
volunteers, 248 were obtained from Dr. John L. 
Middlebrook (Fort Detrick, Frederick, MD). The 
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FIGURE 2. Synthetic overlapping peptides of the protective H c region of BoNT/A. The 31 peptides shown started 
at residue 855 and covered the entire sequence of H c (residues 860 to 1296 of the H chain). Each peptide 
overlapped by five residues with each of its adjacent neighbors and the regions of overlap are shown in boldface 
type. (Figure is from Atassi et al. 247 ) 
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binding assays were done with the IgG fractions 
of these antisera. 247 Mouse anti-BoNT antisera, 
which were a pool from 20 mice obtained 91 
days after the first injection, 247 were prepared in 
outbred ICR mice by s.c, immunization with 
toxoid. 247 For use as controls, nonimmune horse, 
and mouse sera were obtained from the corre- 
sponding animals before immunization, and 
nonimmune human IgG fraction was obtained 
from preimmune human sera. 

Several regions of H c were recognized by 
horse, human, and mouse anti-BoNT/A Abs. 
Comparison of the peptide binding profiles for 
horse, human, and mouse Abs revealed consider- 
able similarities (see Figures 3, 4, and 5, and the 
summary in Table 1). Both human and mouse 
antisera recognized peptides 2 (residues 869 to 
887), 15 (105! to 1069), and 24 (1177 to 1195). 
With horse antiserum, both the first and second 
epitopes were shifted to the left and resided within 
peptides 1 (855 to 873) and 13/14 (1023 to 1041/ 
1037 to 1055), respectively, while the third was 
shifted to the right and resided within the 25/26 
(1191 to 1209/1205 to 1223) overlap. A region 
recognized by the human antisera within the over- 
lap of peptides 5/6/7 (91 1 to 929/925 to 943/939 
to 957) was more weakly recognized and shifted 
in favor of peptide 7 (939 to 957) in the mouse 
antisera. In horse antiserum, both peptides 5 (91 1 
to 929) and 7 (939 to 957) (but not 6 [925 to 943]) 
were recognized. The lack of recognition of pep- 
tide 6 (925 to 943) suggests that this region har- 
bors two epitopes that can be distinctly resolved 
by the horse, but not by the human and mouse, 
antisera with the present panel of peptides. The 
human antisera recognized a region within the 
overlap 10/11 (981 to 999/995 to 1013). This 
region was also recognized by mouse, and more 
weakly by horse, antisera and was shifted to the 
right toward peptide 1 1 (995 to 1013). Peptide 18 
(1093 to 1111) was well recognized by horse, 
weakly by mouse, and not at all by human antis- 
era. A very weak region was recognized by all 
three antisera around the overlap 20/21 (1121 to 
1 139/1 135 to 1 153) (human and mouse) or 20/21/ 
22 (1121 to 1139/1135 to 1153/1149 to 1167) 
(horse). A broad region recognized within pep- 
tides 29/30/31 (1247 to 1265/1261 to 1279/1275 
to 1296) by human antisera and within 30/31 
(1261 to 1279/1275 to 1296) by horse antisera 



was more sharply localized within peptide 31 
(1275 to 1296) by the mouse antisera. In addition 
to these shifts there were differences in 
immunodominance of the peptides recognized by 
antisera of the three species. It has been well 
established that the antigenic sites on a given 
protein may show boundary frame shifts and may 
also vary in immunodominance, depending on 
the host species in which the Abs are raised. 
These variations may even occur among indi- 
vidual animals of the same host species. 242 - 249 - 250 
These results are consistent with genetic control 
operating at the antigenic site level. It is well 
established that the immune responses to proteins 
are controlled by H-2-Iinked genes 251 " 253 and that 
both B (i.e., Ab) and T cell responses to each 
epitope in a multideterminant protein antigen are 
under separate genetic control. 242 254-256 

B. The H c Regions Recognized by 
Mouse Anti-BoNT/A Antibodies 
and T Cells 

1. Binding of Antitoxoid Antibodies to 
the Overlapping Peptides 

Mouse antisera were prepared against the 
pentavalent toxoid (BoNTs A, B, C, D, and E) in 
BALB/c (H-2 d ) and SJL (H-2 S ) mice and those 
collected on week 10 (i.e., 2 weeks after the last 
injection with toxoid) were employed for the bind- 
ing studies to the peptides. 257 The binding profiles 
of antitoxoid Abs from BALB/c and SJL were 
quite similar (Figures 6 and 7). For BALB/c, 
antitoxoid Abs (Figure 6) bound mainly to pep- 
tides 24 (l 177 to 1195), which was strongly 
immunodominant, the 2/3 (869 to 887/883 to 901) 
overlap, 21 (1135 to 1153) and 31 (1275 to 1296). 
In addition, lower but significant amounts of Abs 
were bound by peptides 1 1 (995 to 1013) and 15 
(1051 to 1069). The other peptides exhibited 
marginal or no Ab binding activity. The antitoxoid 
Abs of SJL (Figure 7) recognized five antigenic 
regions within peptides 2/3 (869 to 887/883 to 
901) overlap, 11 (995 to 1013), 15 (1051 to 1069), 
24(1177to 1195), and 31 (1275 to 1296). Unlike 
BALB/c Abs, which exhibited low binding to 
peptides 11 (995 to 1013) and 15 (1051 to 1069), 
the Abs of SJL displayed high binding to both 
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FIGURE 3. Binding of horse anti-BoNT/A antibodies to the overlapping BoNT/A peptides and to H c . Binding was 
determined by solid-phase plate RIA using the antiserum at a dilution of 1 :250 (vol/vol). The results were corrected 
for nonspecific binding of the antibodies to unrelated protein (BSA) and of preimmune sera to the peptides and to 
H c . The data are expressed in net cpm and represent the average of triplicate analyses that varied ± 2.0% or less. 
(Figure is from Atassi et al. 247 ) 



peptides. On the other hand, peptide 21 (1 135 to 
1153) bound higher amounts of B ALB/c Abs than 
those of SJL. 



2. Mapping of the 

T Cell Recognition Profiles 

The profiles of in vitro responses to toxoid, 
mounted by T cells of B ALB/c and SJL mice that 
had been primed with various doses of toxoid, 
were similar and gave the highest T cell response 
at a priming dose of 1 }!g/mouse (e.g., see Figure 
8 for BALB/c). 257 The results reviewed here were 
obtained with an optimal toxoid-priming dose of 
1 .0 jig/mouse for both mouse strains. 257 T cells of 
BALB/c mice, primed with one injection of tox- 
oid, recognized two major regions localized within 
peptides 4 (residues 897 to 915) and 7 (939 to 



957) (Figure 9). T cells of BALB/c, obtained after 
multiple inoculations with toxoid (i.e., at the time 
the hyperimmune antisera were obtained from the 
mice), showed an expanded recognition ability 
and responded very well to challenge with pep- 
tide 30 (1261 to 1279) and moderately to stimu- 
lation with peptide 22 (1 149 to 1167). Unlike 
BALB/c T cells, those of toxoid-primed SJL exhib- 
ited a more complex profile and responded to 
challenge with a large number of overlapping 
peptides. After one toxoid injection, however, 
three regions within peptides 4 (897 to 915), II 
8 (939 to 957/953 to 971) overlap and 15 (1051 
to 1069) were the most potent stimulators of T 
cells (Figure 10). After three toxoid injections 
(i.e., at the time the hyperimmune antitoxoid 
antisera were obtained from the SJL mice), pep- 
tides 4 (897 to 915) and 15 (1051 to 1069) re- 
mained immunodominant, while the third region 
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was shifted upstream and resided within the 6/7 
(925 to 943/939 to 957) overlap. Peptides 4 (897 
to 915) and 7 (939 to 957) were also recognized 
by BALB/c T cell (Figure 9). Table 2 compares 
the recognition profiles of antitoxoid Abs and T 
cells from the two strains. 257 The immunodominant 
epitope within peptide 4 (897 to 915) was recog- 
nized exclusively by T cells, because no Abs were 
detected against this region. 

These findings (summarized in Table 2) show 
as expected 253 that, in a given strain, the regions 
recognized by antitoxoid Abs and T cells may 
coincide or may be uniquely B or T cell determi- 
nants. This is demonstrated by the following: ( 1 ) 
in a given strain, certain regions on H c of BoNT/ 
A were recognized by both Abs and T cells. 
Such T/B regions were identified within peptide 
7 (939 to 957) in both strains. Additionally, SJL 
recognized three T/B regions located within pep- 



tides 1 5 ( 1 05 1 to 1 069), 24 ( 1 1 77 to 1 1 95), and 3 1 
(1275 to 1296); (2) H c contained regions that 
were recognized only by T cell, because no de- 
tectable Abs were directed toward these sites. 
One such exclusive T cell epitope, recognized in 
both mouse strains but particularly prominent in 
SJL mice, resided within peptide 4 (897 to 915); 
(3) finally, there were regions on H c that were 
recognized only by Abs and for which no T cell 
responses were detected. Two exclusively B cell 
determinants, common for both strains, were 
found within regions 869 to 887/883 to 901 and 
995 to 1013. 

Comparison of the submolecular T cell rec- 
ognition profiles of toxoid-primed LNC ob- 
tained from the two mouse strains revealed two 
distinct types of T cell epitopes on H c . Some 
epitopes were unique for a given strain, while 
the others were recognized by toxoid-primed 
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FIGURE 4. Binding of human antitoxoid antibodies to toxoid and to the overlapping peptides of the H c domain of 
BoNT/A. Binding was done by solid-phase plate RIA at dilutions of 1:1000 and 1:2000 (vol/vol) of a 105 mg/ml 
solution of the IgG fraction of the antibody and has been corrected for nonspecific binding of the antibodies to an 
unrelated protein (BSA) and of nonimmune human IgG to the peptides and to BoNT/A. The results are given in net 
cpm of bound antibody and represent the average of triplicate analyses that varied ± 2.0% or less. (For details see 
the text. Figure is from Atassi et al. 247 ) 
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FIGURE 5. Binding of outbred (ICR) mouse antisera to the overlapping synthetic H c peptides of BoNT/A. Binding was 
determined at two dilutions (1 :500 and 1 :1000, vol/vol) of the antisera and the results, which are expressed in net cpm, 
have been corrected for nonspecific binding of the antisera to unrelated protein (BSA) and by the preimmune sera to 
the toxoid and to each of the synthetic peptides. (For details, see the text. Figure is from Atassi et al. 247 ) 



mice of both strains, irrespective of their MHC 
haplotype. In contrast to the T cell responses, the 
differences between the B cell recognition pro- 
files of the two mouse haplotypes were less pro- 
nounced. Several regions recognized by Abs were 
similar, although the level of Abs to a given 
region varied with the strain (see Figures 6 and 
7 or Table 2). Peptides that appear to be recog- 
nized across MHC haplotypes would be advan- 
tageous for a universal synthetic vaccine be- 
cause they would be functional in many 
individuals. It is relevant to mention that the 
results presented here, which were obtained with 
toxoid-primed LNC (i.e., unselected Th cells) 257 
may be more useful for the design of a synthetic 



vaccine than those derived from the best-grow- 
ing T cell clones. 242 - 258 " 260 

C. Regions Recognized by Antibodies 
and/or by T Cells When H c is Used as 
an Immunogen 

The T cell responses of H c -primed H-2 b , H- 
2 d , H-2 k , and H-2 5 mouse haplotypes showed that 
SJL (H-2 X ) and B ALB/c (H-2 d ) mouse strains are 
very high and high responders, respectively, to 
H c . :61 These two mouse strains were used to map 
the continuous regions recognized by T-cell and 
Ab responses against He. 261 The synthetic over- 
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TABLE 1 

Summary of Peptides Recognized by Horse 
Abs Against BoNT/A and Human and Mouse 
Abs Against Pentavalent Toxoid 8 



Pept. 


Sequence 








no. 


position 


Horse 


Human 


Mouse 


1 


855-873 


+++ 


- 


+ 


2 


869-887 


- 


+++ 


+++ 


3 


883-901 


+ 


- 


+ 


4 


897-915 


z 


- 


- 


5 


911-929 


+ 


++ 


- 


6 


925-943 


- 


+++ 


- 


7 


939-957 




+ 


+ 


8 


953-971 


- 


- 


- 


9 


967-985 


- 


+ 




10 


981-999 


z 


+++ 




11 


995-1013 


+ 


+++++ 


+ 


12 


1009-1027 


- 


- 


- 


13 


1023-1041 




- 


- 


14 


1037-1055 


+ 


- 


- 


15 


1051-1069 




+++++ 


++ 


16 


1065-1083 


- 


- 


- 


17 


1079-1097 




- 


- 


18 


1093-1111 


+ 




+ 


19 


1107-1125 




+ 




20 


1121-1139 


+ 


' + 


± 


21 


1135-1153 


+ 


++ 


± 


22 


1149-1167 


+ 






23 


1163-1181 




± 




24 


1177-1195 




+++ 


++ 


25 


1191-1209 


++ 


± 




26 


1205-1223 


+ 






27 


1219-1237 








28 


1233-1251 








29 


1247-1265 


± 


++ 




30 


1261-1279 


++ 


+ 




31 


1275-1296 


+++ 


++ 


++ 



a For the purpose of this table, (+) or (-) assignments 
were based on net cpm values, which, for human 
and mouse, were derived from the dilution that gave 
the highest binding. The symbols denote the follow- 
ing: (-), less than 1,500 cpm; (±), 1,500-3,000 cpm; 
(+), 3.000-7,000 cpm; (++), 7,000-1 5,000 cpm; (+++), 
15,000-25,000 cpm; (++++), 25,000-35,000 cpm; 
(+++++), > 35,000 cpm. 

Table is from Atassi et al. 247 



lapping peptides encompassing the entire H c (resi- 
dues 855 to 1296, Figure 2) were used for map- 
ping the anti-H c Ab and T cell responses. 



7. Regions Recognized by 
Anti-H c T Cells 

In the H-2 S and H-2 d mouse haplotypes, the 
immunodominance in T cell recognition of vari- 
ous BoNT/A regions varied with the haploiype 
(Figure ll), 261 which is consistent with genetic 
control operating at the antigenic site level. 250 " 
256:61 H c -primed T cells of BALB/c recognized 
three regions residing within peptides 7 (resi- 
dues 939 to 957), 12 (1009 to 1027), and 21 
(1 135 to 1 153). The response to peptide 21 was 
immunodominant at 1 week (Figure 1 1) and per- 
sisted in long-term immunization. 201 The regions 
recognized strongly by T cells from H c -primcd 
SJL mice clustered in a large area within residues 
897 to 985 comprising the overlapping peptides 
4. 5, 6, 7, 8, and 9 in the first N-terminal third of 
H c . There was only one additional region within 
peptide 15 (1051 to 1069), which stimulated a 
moderate response in these T cells. 261 The crowd- 
ing of the regions recognized by SJL T cells to the 
first third of the H c is unusual, and its significance 
(in terms of protection) in this strain needs further 
investigation. Dose-response curves 261 suggested 
that this cluster around peptides 4, 5, 6, 7, 8. and 
9 might consist of at least two immunodominant 
epitopes around peptides 4 (897 to 915) and 7 
(939 to 957). The immunodominance of region 
939 to 957 persisted in hyperimmune T cells (long- 
term immunization). T cells of both SJL and 
BALB/c mice recognized region 939 to 957 (pep- 
tide 7) (Figure 11), indicating that this region of 
H c can bind different MHC class II alleles. Pro- 
miscuous T cell epitopes that can be recognized 
by different MHC class II molecules might be 
beneficial for an universal vaccine, because hu- 
man recipients of the vaccine possess different 
MHC class II haplotypes. 

It has been reported 219 that in TeNT region 
947 to 967 is recognized by human peripheral 
blood lymphocytes. This region of TeNT is ho- 
mologous to BoNT/A region 938 to 958 within 
peptide 7 (residues 939 to 957), which is recog- 
nized by SJL and BALB/c T cells. Region 916 to 
932 of TeNT (equivalent to BoNT/A region 907 
to 923 within the overlap of peptides 4 [residues 
897 to 915] and 5 [residues 91 1 to 929] recognized 
by SJL T cells 261 ) has also been found to be recog- 
nized by human T cells. 221 These similarities in T- 
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Balb/c antiserum 1 :500 




FIGURE 6. Binding of BALB/c antitoxoid Abs to toxoid (T), to the synthetic overlapping peptides of BoNT/A, and 
to the unrelated synthetic peptide (U) used as a negative control. For RIA f the antiserum was diluted 1 :500 (v/v). 
Results are given in net cpm ± SD of triplicate analyses and have been corrected for nonspecific binding of the Abs 
to unrelated protein (BSA) and of the preimmune sera to the toxoid and to each of the synthetic peptides. The value 
on the top of bar designated T shows the amount of Abs (61 ,957 ± 778 net cpm) bound to the toxoid. (Figure is from 
Rosenberg et al. 257 ) 



cell recognition regions indicate that the two 
clostridial toxins, BoNT and TeNT, share some of 
immunological features at the T cell level, along 
with a number of structural and functional similari- 
ties. As already mentioned, in closely related pro- 
teins, the sites of immune recognition often occur 
at structurally equivalent locations. 239 - 242 

2. The Regions Recognized by 
Anti-H c Antibodies 

While Hc-primed LNC from SJL and BALB/ 
c recognized a common as well as different epitope 
regions on H c , regions recognized by Abs from 
the two mouse strains essentially overlapped. 261 



However, within a given antiserum, the active 
peptides bound different amounts of Abs (see 
Figures 12 and 13). Also, the levels of Abs bound 
by each region differed between the two strains 
(see Figure 13 and Table 3). There were seven 
common or similar regions (four common; three 
similar) of recognition in the two strains. Similar 
observations were made recently in SJL and 
C57BL/6 mice primed with AChR, 262 in which 
major Ab recognition regions for both strains were 
clustered into three similar regions within al to 
210 of the AChR a chain, whereas T cells from 
each strain recognized different peptide regions. 

Comparison of the profiles of the anti-H c Ab 
and T-cell responses in the same mouse strains 
revealed, as seen above with the anti-BoNT/A 
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responses, that, in a given mouse strain certain 
regions are recognized by both Abs and T cells. 
There were also regions that were predominantly 
recognized only by Abs or only by T cells. It has 
been shown previously 237 * 242 - 244 * 262 that, in a given 
mouse strain, the regions on a protein that are 
recognized by Abs and by T cells may coincide, 
but the protein might also have regions that are 
recognized by Abs and for which T-cell responses 
are not detectable and/or conversely regions recog- 
nized by T-cells for which no Abs are detectable. 

Peptides 2 to 11 (869-1013), 15(1051-1069), 
17(1 079- 1 097), 18(1 093- 11 1 1 ), 2 1 ( 1 1 35- 1153), 
24 (1177-1 195), and 31 (1275-1296) were well 
recognized (> ++, see Table 3) by Abs and/or by 
T cells from either strain. 261 Sequence alignment 
of these 16 peptide regions in BoNTs A through 
G and TeNT reveals 261 that 1 1 of the peptides 



have 5 or more continuous residues that are iden- 
tical or similar to BoNT/A in one or more of 
these BoNTs (Figure 14). Although a five-resi- 
due homology (or similarity) may not be suffi- 
cient for cross-reaction (or cross-protection), it 
is probable that the epitopes in the other two 
BoNTs reside within these regions and that the 
H c of each BoNT will be protective against the 
correlate toxin. 



D. Reaction with H c of Antibodies and 
T Cells Obtained After Immunization 
with Peptides 

In order to understand the role of T cell and 
Ab recognition in cross-reaction with H c and to 
devise an effective formula for a synthetic peptide 
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FIGURE 7. Binding of SJL antitoxoid Abs to toxoid (T), to the synthetic overlapping peptides (1 to 31) of BoNT/ 
A, and to the unrelated peptide (U). Data were expressed and corrected as in Figure 6. Binding of antibodies to toxoid 
gave 50,575 ± 57 cpm as indicated on top of the bar T. (Figure is from Rosenberg et al. 257 ) 
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vaccine, both Ab and T-cell responses against 
individual peptides and against mixtures of se- 
lected peptides need to be known. In the forego- 
ing sections, we reviewed the immunodominant 
peptide regions on He that are recognized by T 
and/or B cells when either BoNT/A or He is used 
as an immunogen. Recently, these peptide regions 
were used as immunogens to determine those that 
stimulate immune responses that recognize intact 
He. 263 Three different mixtures of peptides were 
used as immunogens in two mouse strains (Table 
4): (1) peptides containing epitopes recognized by 
anti-Hc T cells; (2) peptides containing epitopes 
recognized by anti-Hc B cells (Abs), or (3) pep- 
tides containing T cell + B cell epitopes. 263 

In BALB/c, all the peptides that contained 
Ab and/or T-cell epitopes (when He is the im- 
munogen 261 ) produced Ab responses against the 



immunizing peptide that cross-reacted with H c . 
Strong H c -cross-reactive Abs were generated 263 
by peptides 2, 3, 10, and 31, which contain 
epitopes recognized by anti-H c Abs 261 (Table 5). 
However, the levels of reaction with the immu- 
nizing peptides and with He varied. Among these, 
Abs against peptide 31 (residues 1275 to 1296) 
showed the highest binding to H c . In SJL, 
antipeptide Abs were elicited by most of the 
peptides that contain Ab and T cell epitopes. The 
Ab responses were given, in decreasing order, 
by peptides 10, 4, 6, 7, 5, 8, 1 1 , 24, 3 1 , and 15. 263 
However, very strong H c -reactive anti-peptide 
Abs were elicited by peptide 4 (897 to 915) 
followed by peptide 10 (981 to 999). The greater 
immunogenicity of peptide 4 in SJL might be 
rationalized by the fact that it contains both T 
and B cell epitopes. 261 263 Thus, peptide 4 in SJL 
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and peptide 31 in BALB/c elicited Abs that gave 
the highest cross-reaction with H c . 

T cell responses against the individual pep- 
tides were also reported. 263 In BALB/c, the H c - 
reactive anti-peptide T cells were those elicited 
by peptides 7 (939 to 957), 12(1009 to 1027), and 
17 (1079 to 1097). In SJL, T cell responses elic- 
ited by peptides 4 to 8 and 10 (981 to 999) were 
cross-reactive with H c . Except for peptide 17 in 
BALB/c. each of these peptide-primed T cells 
showed moderate to very strong proliferative re- 
sponse to the immunizing peptide. However, T 
cells against peptides 2, 21. 24, and 31 in BALB/ 
c and 1 5 and 3 1 in SJL showed negligible response 



to challenge with ^ (Table 5). Similar observa- 
tions have been reported previously by this labora- 
tory 258 ' 264 - 265 and others 266 - 267 with anti-peptide T 
cells that failed to recognize the parent protein. 

Equimolar mixtures of selected peptides were 
also employed as immunogens to stimulate Ab and 
T cell responses, and the cross-reactivity of these 
responses was determined with H c and with each 
of the constituent peptides in the mixture. 263 Among 
the three groups of peptide mixtures, the one of 
peptides containing both Ab and T cell epitopes 
was most effective in both strains in eliciting T 
cells and Abs that were cross-reactive with H c 
(Figure 15 shows binding of Abs to H^. There 
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FIGURE 9. Proliferative response of LNC from toxoid-primed BALB/c mice to in vitro challenge with the synthetic 
overlapping BoNT/A peptides. Numbers 1 to 31 under the abscissa refer to the peptide numbers shown in Figure 
2. Controls included H c (C), unrelated synthetic peptide (U), and myoglobin (M). Results are expressed in net cpm 
± SD of triplicate cultures at the optimal stimulation dose of each challenge antigen. The value on the top of the bar 
marked C indicates the vigorous T cell response to H c (146,684 + 1 ,801 cpm). The amount of [H 3 P*dR incorporated 
by unstimulated cells was 6,166 ± 53 cpm. (Figure is from Rosenberg et al. 257 ) 
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FIGURE 10. Proliferative response of LNC from toxoid-primed SJL mice to in vitro challenge with the synthetic 
overlapping peptides of BoNT/A. Numbers and symbols of the antigens are as in Figure 9. The values on top of the 
bars show the strong response of T cells to the challenge with peptide 4 (123,120 ± 1 ,219 cpm), peptide 15 (43,912 
± 3,335 cpm), and H c (369,801 ± 1,800 cpm). The level of [H 3 ]TdR incorporation in the absence of any antigenic 
stimulus was 12,331 ± 97 cpm. (Figure is from Rosenberg et al. 257 ) 



were qualitative and quantitative differences in the 
peptide recognition profile after immunization with 
this peptide mixture when compared with those 
obtained with individual peptide immunization 
(Tables 5 and 6). Immunization with this mixture 
elicited Abs to some peptides that were otherwise 
unable to evoke Ab responses when used individu- 
ally as immunogens (peptides 2, 3, and 9 in SJL). 
Also, it suppressed Ab responses to certain pep- 
tides that could otherwise elicit Abs when injected 
individually (peptides 12, 17, and 21 in BALB/c). 
Clearly, Ab production to these regions in the pep- 
tide mixture is modulated by help and inter-site 
influences of the cellular responses against the 
constituent peptides. It has been shown that im- 
mune responses to various epitopes on an antigen 
are subject to inter-site T-T and T-B cell interac- 



tions. 264 * 265 - 267-270 These interactions and co-im- 
munization effects 264 - 265 contribute to the complex 
responses of T cells and Abs obtained after pep- 
tide mixture immunization. 

Injection with the peptide mixture containing 
Ab and T cell epitope peptides (when He is the 
immunogen 261 ) gave a quicker rise (after two in- 
jections, at 4 weeks) in Ab titer that cross-reacted 
with He compared with the other mixtures or to 
individual peptides. 263 Also, this mixture sustained 
a high titer of Hc-cross-reacting Abs in the case of 
BALB/c (Figure 15). Thus, immunization with a 
mixture of peptides containing all the T and B cell 
epitopes was particularly effective in BALB/c 
mice. The results suggest that inclusion of the 
peptides containing T cell epitopes into the vac- 
cine formula should provide help for B cells that 
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TABLE 2 

The Regions on the H c Domain of BoNT/A That Are 
Recognized by Abs and/or T Cells After Immunization of 
BALB/c and SJL Mouse Strains with Toxoid - 

SJL (H-2») 





rosnion in sequence 










peptide 


^resioue numueraj 


Ab 


T cells 


Ab 


T cells 


4 
1 








X 




o 
d 


OOy— OOf 


4.4. 

TT 




+++ 




J 


OOO - 53U 1 


++ 




XX 




/I 


Dy/— y IO 




XX 




xxxx 


c 

o 


Q1 1— QOQ 

y i i — y^y 






+ 
X 




b 




+ 








-7 

/ 


yoy— yo r 


+ 


++ 


+ 




Q 

o 


yoo— y/i 










9 


yo/— yoo 


+ 




+ 




10 


yoi— yyy 


+ 




+ 




1 1 


yyo— iui o 


+ 




+++ 




12 


luuy— lu^/ 




+ 




+ 


13 


1U23— 104 1 


± 






++ 


14 


iAQ7 1ACC 








■+■ 


15 


H ACQ 

loo i— iuoy 


+ 




++ 


+++ 


16 


lUo5-10oo 








+ 


17 


4 ^ AQ7 








++ 


18 


A flOO 1-444 

i uyd— i iii 






+ 


+ 


19 


1107-1125 


± 




+ 


+ 


20 


1121-1139 








++ 


21 


1135-1153 


++ 




± 


+ 


22 


1149-1167 






± 




23 


1163-1181 








++ 


24 


1177-1195 


++ + 




+++ 


+ 


25 


1191-1209 






+ 


+ 


26 


1205-1223 






± 




27 


1219-1237 










28 


1233-1251 






+ 


+ 


29 


1247-1265 








+ 


30 


1261-1279 






+ 




31 


1275-1296 


++ 




++ 


++ 



• For the purpose of this table, (+) and (-) assignments were based on 
net cpm values for Ab binding and SI values tor T cell proliferation. 
For Ab binding, the symbols denote the following values: (-), less 
than 1000 cpm; (±), 1001-1500 cpm; (+), 1501-4000 cpm; (++), 
4001-10,000 cpm; (+++), > 10,000. For T cell proliferation, the 
symbols indicate the following: (-); SI value less than 2.0; (+), SI 2.0- 
3.5; (++), SI 3.6-4.5; (+++), SI 4.6-10.0; {++++), SI > 10.0. Results 
of T and B cell mapping studies were obtained with mice that 
received single and multiple injections, respectively. 

Table is from Rosenberg et al. 257 



make Hc-cross-reactive Abs and thus enhance the 
production of these Abs. Recently, it has been 
shown that a mixture of three peptides from <x- 
bungarotoxin was a more protective immunogen 



against toxin poisoning than any of the peptides 
constituting the mixture when used individually. 246 
Sequence alignment of BoNT types A through 
G and TeNT in the 17 peptide regions used as 
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X 
Q) 
T3 
C 

C 

o 
E 

CD 

15 




1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 CNM 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 




1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 CNM 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 



Challenge Antigen 



FIGURE 11. Presentation showing the in vitro proliferative response to the BoNT/A 
peptides 1 to 31 of LNC from SJL mice and from BALB/c mice primed with 0.25 ug/ 
mouse of H c . The diagram shows S.I. at the optimum challenge doses of each peptide 
and H c . Unstimulated cells gave 2,330 ± 168 cpm for SJL and 3,534 ± 141 cpm for 
BALB/c. Numbers 1 to 31 refer to the peptides shown in Table 1. Additional antigen 
letter symbols are C, H c ; N t unrelated synthetic peptide; M, myoglobin. (Figure is from 
Oshima et al. 261 ) 



immunogens revealed 263 that 13 peptides have, in 
one or more of these clostridial toxins, five or 
more continuous residues that are identical or 
similar to BoNT/A (Figure 14). Of these, peptides 
2, 3, 7, 10, 12, 15, 18, 24, and 31 were shown to 
generate Abs that are cross-reactive with Uq in 



either strain (Table 5). Addition of peptides 7 
(residues 939 to 957) and 12 (1009 to 1027), 
which contain T cell epitopes and have identical 
or similar regions in most of the clostridial toxins, 
to the mixture that consisted of peptides contain- 
ing Ab epitopes augmented production of Abs 
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that are cross-reactive with H c in B ALB/c (Figure 
15). These results suggest that one or more of the 
synthetic peptides provide help that might con- 
tribute to cross-protection against those toxins. 
Peptide 7 (939 to 957), a T and/or Ab epitope- 
containing peptide for both strains, is immuno- 
genic at both the T and B cell levels in each 
strain when used as immunogen either individu- 
ally or in a mixture (Tables 5 and 6). It also 
generated T cell and Ab responses that were 
cross-reactive with H c (Table 5). It should be 
noted that region 947 to 967 of TeNT, similar 
region to peptide 7 (residues 939 to 957), is also 
a universal human T cell epitope region for 



TeNT. 270 The fact that peptide 7 is effective in 
both strains suggests that it needs to be included 
in the design of synthetic vaccines that will be 
active across MHC haplotypes. 



VIII. CONCLUSIONS 

The epitopes on the protective H c region of 
BoNT/A (residues 855 to 1296), which arc recog- 
nized by anti-BoNT/A, have been mapped with 
Abs raised in horse, human, and mouse. Using two 
mouse strains [BALB/c (H-2 J ) and SJL (H-2 V )|, 
the epitopes on the H c that are recognized by anti- 




FIGURE 12. Binding of anti-H c Abs (BALB/c, at 12 weeks) to H c and three selected 
BoNT/A peptides. Different dilutions (from 1 :200 to 1 :64000; v/v) of anti-H c antisera were 
assayed by solid-phase RIA. Preimmune sera were used as a negative control, and their 
values were subtracted to obtain the net cpm. (Figure is from Oshima et al. 26 ') 
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FIGURE 13. Ab binding to the synthetic BoNT/A peptides of antisera from SJL 
and BALB/c after four immunizations (12 weeks after initial injection) with H c 
(SJL, 0.5 ug/mouse; BALB/c, 0.25 ug/mouse). The diagram shows the net cpm 
in which the average binding value of the same antigen to the preimmune sera 
was subtracted. Numbers 1 to 31 refer to the peptides shown in Table 1. 
Additional antigen letter symbols are C, H c ; N. unrelated synthetic peptide; O, 
ovalbumin. (Figure is from Oshima et al. 261 ) 



H c Abs and by Hc-primed T lymphocytes were 
mapped. The peptides, which contain Ab or T-cell 
epitopes (or both) on the r^, were used as immu- 
nogens in BALB/c and SJL mice and we identified 



those peptides whose Ab and/or T-cell responses 
cross-react with h^. Identification of these pep- 
tides is an important first step in the intricate re- 
quirements for the design of a synthetic vaccine. 
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TABLE 3 

Summary of Peptides Recognized by Abs and by T 
Lymphocytes When H c is Used as an Immunogen in SJL 
and BALB/c Mouse Strains 8 



Peptide 


Sequence 


SJL (H-2M 


BALB/c (H-2*) 










number 


position 


Ab 


T cells 


Ab 


T cells 


1 


855-873 


+ 




+ 




2 


869*887 


++ 




++++ 




3 


883-901 


++ 




+++ 




4 


897-915 


+++ 


++++ 






5 


911-929 




+++ 






6 


925-943 


+ 


+++ 


+■ 




7 


939-957 


+++ 


+ +++ 


+ 


+ 


8 


953-971 




++++ 




+ 


9 


967-985 




+++ 


++ 




10 


981-999 


+ 




+++ 




11 


995-1013 


+++ 


+ 


+ 




12 


1009-1027 




± 




+ 


13 


1023-1041 








± 


14 


1037-1055 




+ 






15 


1051-1069 


++ 


++ 


+ 




16 


1065-1083 




+ 






17 


1079-1097 






++++ 




18 


1093-1111 


+ 




++++ 




19 


1107-1125 


+ 


± 


± 


± 


20 


1121-1139 




+ 






21 


1135-1153 






++ 


++ 


22 


1149-1167 




± 






23 


1163-1181 










24 


1177-1195 


+++ 




++++ 




25 


1191-1209 










26 


1205-1223 










27 


1219-1237 










28 


1233-1251 










29 


1247-1265 










30 


1261-1279 










31 


1275-1296 


++++ 




++++ 





• Assignment of positive and negative responses for the purpose of this 
table was based on net cpm values for Ab study and of S.I. values for 
T-cell study. For Ab binding, the symbols denote the following values: 
(-), less than 2000 cpm; (±), 2000-5000 cpm; (+), 5000-12,000 cpm; 
(++), 12,000-22,000 cpm; (+++), 22,000-40,000 cpm; (++++), > 40,000 
cpm. For T cell recognition, the symbols denote the following: (-), S.I. 
value less than 2.0; (±), S.L 2.0-2.9; (+), S.I. 3.0-4.9; (++), S.I. 5.0-9.9; 
(+++), S.I. 10.0-29.9; (++++), S.I. > 30.0. 

Table is from Oshima et al. 261 
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Sequence Toxin 
oos it ion tvoe 


Structure 


Sequence Toxin 
Dosition Mk 


Structure 






YIKNI INTS I LNLRYE5NH 


995-1013 


A 


QRWFKYSQMINISDYI-NR 


(peptide 2) 


B 


YNSEIENNI ILNLRYKDNN 




Q 


KSVFFEYN I REDI SEYI -NR 


\* 


Y FNNINDSKI LS LQNRKNT 






OS ZNFS YD I S NNAPGY - - NX 




V 


Y FNS INDSK2 LS LQNKXNA 






KS IIFDYSES XSHTGYT-NX 




t 


FFKR IK55SVLKMRYKN DK 




£ 


QXIAFNYGNANGISDYI-NX 




F 


LYKKT KDSS I LDMRYENNK 




F 


EN IIFKYEELNRI S NY I -NX 




G 


YISNISSNAILSLSYRGGR 




G 


KS IFFEYS I KDNI S DYI -NX 




Te 


I DVI LKKSTI LNLDINNDI 




Tc 


RQ TTFR-DLP DKFNAYLANX 


883—901 




YESNKLIDLSRYASKINIQ 


1009-1027 




D Y I - NRWI FVTI TNNR1NNS 


(pepuae i) 




YKDNNLIOLSGY £AKVEVY 


/nenlide 12) 


B 


EY I - NRWFFVTI TNN- LNKA 




NRKNTLVDTSGYNAEVSEE 






GY — NXWFFVTVTNNMMGNM 




r\ 
u 


NKKNALVDTSGYNAEVRVG 






GYT -NXWFFVTITNNIMGYM 




h 


YKNDKYVDTSGYDSNININ 




£ 


DYI -NXWIFVTITNDRLGDS 




F 


YENNKFIDJS CYCS NI S I N 




F 


NY I -NXWI FVTI TNNRLGNS 




G 


YRGGRLIDSSGYGATKNVG 




G 


DYI-NXWFSITITNDRLGNA 




Tc 


I MJDI ISDIS GENS S VI TY 






AY IANXWVFITI TN IRLS S A 


925-9-13 


A 


EVILKNAIVYNSMYEHFST 




fa 


NNIMFKLDG CRDTKRYIWI 


(peptide 6) 


B 


RVTQN ON riTHS VFLDFS V 




n 


GEIIFKLDGDIDR TCFIWM 




C 


I VTQNEN I VYN SMYES FS I 






KTITFEINKI PDTGLITSDSDJilNTWI 




D 


IVNLKNNI IYSAIYENSSV 




Q 


KTIVFGIDENID ENQMZWI 




E 


NIS Q NDY I JY EN KY KHFS I 




E 






F 


NIAONNDI lYNSRYCHTS I 




F 






G 


TAHQSKF WY DSMJTNFS I 




G 






Te 


I VHKAMDI EYNDKFWFW 




Tc 




939-57 


A 


ENFSTSFWIRJPKYFNSIS 


1093-1 1 1 




NSGILXDFMGDYLOYDKPY 


(peptide 7) 


B 


LDFSV5FWIRIPNI RMMVY 


ipepituc i o j 


u 


Y S E YLXDFW3 WPLMYNXE Y 




C 


ESFS I SFWIRINK- KVSNL 




/- 
\. 


Y TN WKD FWG NDLR YNKE Y 




D 


ENSSVSFWIXISKDLTNSH 




n 


LRNVTXDYWGNPLXFDTEY 




E 


KKFS I S FWVR I PNY DNKI V 




c 

c 


NTNI LKDFWGNYLLYD KEY 




F 


CNTSISFWVRIPKHYKPKN 




F 


DPS ILKNYMGNYLLYNKKY 




G 


ENFS I NIWRTPKYNNND I 




G 


S TtrrLKDFWGWPLRYDTQY 




Te 


NNFTVSFWERVPKVSASHL 




ie 


S I T FLPDFWG NPLR YDTE Y 


953-971 


A 


FNSISL NNEYT I I NCM- ENN 


1177-U95 




NDRVY IN- VWKNKEYHL- AT 


(peptide 8) 


B 


RMM VYKI I F I MN2 QIIN04- KNH 


(peptide 24) 


g 


EDYIYID- FFNLNQEWRV 




C 






p 


GD I IY F D- MT INNKAY NX - FM 




D 


LTNSH NEYTI INS I -EOH 




u 


GDNXI XH-MIYNSRKYMI- 1 R 




E 


DNKIVNV — NNEYT I INCMRIKH 




£ 


NDQVYINFVAS KTHLFPL- YA 




F 


YKPMNH-- -NREYTI INCHGWN 




F 


ND LAYIN-WDRGVEYRL - YA 




G 


NKND I QTY LONE YTI I SC r - KND 




G 


GD Y IY EN I DN IS DE S Y* V- YV 




le 


SASHLEQYGTNEYSI I SSKKKHS 




"TV 

t e 


GDFIKIY-VS YNNNEHI VGYP 


967-985 


A 


CM-ENN SGWKVSLNYO- - - EI IW 


1275-1296 


fa 


SRT LGCSWEFI PVDDGVGERPL 


(peptide 9) 


B 


CH-KNN SGWKISJRGN RIIW (peptide 31) 


Q 


PYNLK LGCNWQTI PKDECVTE 






SV-KNN SGW5IGII SN- - - FLVT 




c 


NYASLLESTSTHWGFVPVSE 




V 


SI -EON SGWKLC JRNG N1EW 






N YETKL LS TS S FWKFI S RD PGWVE 




t 


CMRDNN SGWKVSLNHN EIIW 




£ 


TVS NGCFWNFISEEHGWCEX 




p 


CMGNNN SGWKISLRTVRDCEIIW 




F 






G 


CI-KND SGWKVS JKGN RIIW 




G 






Te 


SMKKHSLS I G SGW5VS LKGN - - - NHW 




Te 




981-999 


A 


6 EI rWTLQDTQEI KQRWF 








(peptide 10) 


B 


N RirWTLIDIXCKTKSVFF 










C 


N---riVnXK0KEPSEQ5INF 










D 


G NIEWI LQDVNRKYKS I IF 










E 


N EirWTLQDNAGINQKIAF 










F 


VRDCK I rWTLQDTSGNKENIIF 










G 


N- - - RITWTLI DVNAKSKS IFF 










Te 


N NXIVTLKDSAGEVRQJTF 









FIGURE 14. Comparative alignment of BoNT types A through G and TeNT within 13 
peptide regions on H c . Alignment is from Whelan et al. 271 Boldface letter in BoNT/A 
signify residues that are identical or similar to the amino acid in one or more of the toxin 
types listed. In BoNTs B through G, residues identical to those of BoNT/A are in 
boldface type. Boldface and italic letters represent the residues in which conservative 
replacements have occurred. Regions that have five or more continuous residues 
identical or similar to BoNT/A sequence are underlined. (Figure is adapted with 
expansion from Oshima et al. 261 ) 



TABLE 4 

Constituent Peptides of Peptide Mixtures Containing 
T Ceil and/or Ab Epitopes 



Peptide 
mixture 



SJL 



BALB/c 



TCell 
Ab 

T Cell + Ab 



Peptides 4-9 and 15 
Peptides 2-4, 7, 10, 

11, 15, 24, and 31 
Peptides 2-11, 15, 

24, and 31 



Peptides 7, 12, and 21 
Peptides 2, 3, 10, 17, 

18, 21, 24, and 31 
Peptides 2, 3, 7, 10. 12, 

17, 18, 21, 24, and 31 



Table is from Oshima et al. 263 



TABLE 5 

Summary of Reaction with Immunizing Peptide and H c of Immune Responses Elicited When 
individual BoNT/A Peptides, Including T and/or Ab Epitope, Are Used as Immunogens in SJL 
and BALB/c Mouse Strains 3 

Peptide immu nogen SJL (H-2») BALB/c (H-2 d ) 

Pept. Sequence Epitope Ab T ceM Epitope T ce " 



no. 


position 


for* 


Pept. 


H c 


Pept. 


H c 


for* 


Pept. 


H c 


Pept. 


H c 


2 


869-887 


Ab 


. ± 








Ab 


++++ 


++++ 


+++ 




3 


883-901 


Ab 






± 




Ab 


++ 


++++ 


± 




4 


897-915 


T, Ab 


+++++ 


+++++ 


+++++ 


++++ 


n/e c 


n/e 


n/e 


n/e 


n/e 


5 


911-929 


T 


++++ 


+ 


++++ 


++++ 


n/e 


n/e 


n/e 


n/e 


n/e 


6 


925-943 


T 


+++++ 




+++ 


+++ 


n/e 


n/e 


n/e 


n/e 


n/e 


7 


939-957 


T, Ab 


+++++ 


+ 


+++++ 


++++ 


T 


+++++ 


++ 


+++ 


+++ 


8 


953-971 


T 


+++ 




++++ 


++++ 


n/e 


n/e 


n/e 


n/e 


n/e 


9 


967-985 


T 






± 




n/e 


n/e 


n/e 


n/e 


n/e 


10 


981-999 


Ab 


+++++ 


++ 


+++ 


+ 


Ab 


++++ 


++++ 






11 


995-1013 


Ab 


++ 


± 






n/e 


n/e 


n/e 


n/e 


n/e 


12 


1009-1027 


n/e 


n/e 


n/e 


n/e 


n/e 


T 


+++++ 


+++ 


+++ 


+ 


15 


1051-1069 


T, Ab 


+ 


+ 


+++ 


± 


n/e 


n/e 


n/e 


n/e 


n/e 


17 


1079-1097 


n/e 


n/e 


n/e 


n/e 


n/e 


Ab 


+++ 


+++ 


+ 


+ 


18 


1093-1111 


n/e 


n/e 


n/e 


n/e 


n/e 


Ab 


++ 


++ 






21 


1135-1153 


n/e 


n/e 


n/e 


n/e 


n/e 


T, Ab 


+++ 


+++ 


+++ 




24 


1177-1195 


Ab 


++ 


' + 


± 




Ab 


+++ 


+++ 


++ 




31 


1275-1296 


Ab 


+ 


+ 






Ab 


++++ 


++++ 


++ 





» Assignment of positive and negative responses for the purpose of this table was based on net cpm values for 
Ab study and of S.I. values for the T-cell study. For Ab binding, the symbols denote the following values: (-), 
less than 2000 cpm; (±), 2000-5000 cpm; (+), 5000-12,000 cpm; (++), 12,000-22,000 cpm; (+++), 22,000- 
40,000 cpm; (++++), 40,000-60,000 cpm; (+++++), > 60,000 cpm. For T cell recognition, the symbols denote 
the following: (-), S.I. value less than 2.0; (±), S.I. 2.0-2.9; (+), S.I. 3.0-5.0; (++), S.I. 5.1-10.0; (+++), S.I. 10.1- 
30.0; (++++), S.I. 30.1-60.0; {+++++), S.I. > 60.1 . All the anti-peptide antisera were unresponsive to protein and 
peptide controls used. The LNC of all experiments were unresponsive to unrelated proteins or peptide but 
responded appropriately to Con A and LPS. 

b When H c is used as the immunogen. 

c n/e: indicates that the peptide is neither an Ab nor a T-cell epitope in this mouse strain when it is immunized with 
H Cl and therefore the peptide was not used as an immunogen in this mouse strain. 

Results in this table are summarized from the data reported by Oshima et a!. 263 
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FIGURE 15. Binding to H c of Abs against three peptide mixtures or against 
peptide 4 (SJL) and peptide 31 (BALB/c) obtained at 4, 8, 12, and 16 weeks. 
SJL and BALB/c mice were immunized with an equimoiar mixture of peptides 
containing T cell and/or Ab epitopes (when H c is the immunogen 261 ) or with 
individual peptides at 0, 3, 7, 11, and 15 weeks. Preimmune sera were used 
as negative controls, and their values were subtracted to obtain the net cpm. 
For details see text. T, M Ab", and T + Ab" represent the mixture of peptides 
containing T cell epitopes, mixture of peptides containing Ab epitopes, and 
mixture of peptides containing both T cell and Ab epitopes, respectively. For the 
constituent peptides of each T cell and/or Ab epitope peptide mixtures, see 
Table 4. (Figure is from Oshima et al. 263 ) 



TABLE 6 

Summary of Immune Responses Elicited 
When an Equlmolar Mixture of Peptides 
Containing T and B Cell Epitopes Was Used 
as Immunogens in SJL and BALB/C 



Dnnt 

repi. 


SJL (H-2») 


BALB/c (H-2 d ) 










no* 


Ab 


T cell 


Ab 


T cell 


o 

c 


++ 


" 


+++ 


± 


Q 

o 


+++ 


+++ 


+++ 




A 


+++++ 


. ++++ 


rve° 


n/e 


c 

•J 


± 


++ 


n/e 


n/e 


6 




+++ 


n/e 


n/e 


7 


+++ 


++++ 


+++ 


+++ 


8 


+++ 


++ 


n/e 


n/e 


9 


+++ 


+++ 


n/e 


n/e 


10 


++++ 


+++ 


+++ 




11 


+ 




n/e 


n/e 


12 


n/e 


n/e 




+++ 


15 


± 


+++ 


n/e 


n/e 


17 


n/e 


n/e 






18 


n/e 


n/e 


++ 




21 


n/e 


n/e 




++ 


24 


++ 


++ 


+++ 


± 


31 


+++ 


+++ 


++++ 




H c 


+++++ 


+++++ 


+++++ 


+++ 



• b See footnotes for Table 5. 



Results in this table are summarized from the report by 
Oshima et a!. 263 
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